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ABSTRACT
The purpose  o f  t h i s  s tu d y  was to  b e t t e r  c h a r a c t e r i z e  the  
e x i s t i n g  oxochlorochrom ium (V) com plexes , p r e p a r e  some new 
oxochromium(v) com plexes , c h a r a c t e r i z e  th e  compounds by a v a i l a b l e  
m e th o d s ,  and to  make com parisons  w i th  V O ^  and MoO3*  s p e c i e s  b o th  
o f  w hich  e x h i b i t  many and a  v a r i e t y  o f  co m plexes . The p r e p a r a t i v e  
and o th e r  s t u d i e s  o f  Cr03+ compounds re c o rd e d  i n  th e  l i t e r a t u r e  
a r e  v e ry  few and g e n e r a l l y  q u i t e  in c o m p le te .  A com ple te  s tu d y  
was u n d e r ta k e n  o f  some o f  th e  e x i s t i n g  c h l o r o - s p e c i e s  as  w e l l  as 
some new c h l o r o - s p e c i e s  p re p a re d  h e r e  f o r  th e  f i r s t  t im e  w i th  
o th e r  c a t i o n s .
Two ty p e s  o f  oxochlorochrom ium (v) com plexes have  been  
p re p a re d ,  namely RCrOCl^ and R2 CrOCl5 , and s in c e  b o th  a r e  p re p a re d  
by th e  same p ro c e d u re  i t  a p p ea rs  t h a t  th e  s i z e  o f  th e  c a t i o n  
in v o lv e d  d e te rm in e s  w hich  o f  t h e  two complexes w i l l  be o b ta in e d  
i n  a  g iv e n  p r e p a r a t i o n .  The l a r g e s t  c a t i o n  t h a t  i s  known to  form 
th e  R2 CrOCl5  i s  t h e  Cs+  ( r  = 1.6TA) w hereas th e  s m a l l e s t  c a t i o n  
t h a t  i s  known to  form th e  RCrOCl4  s p e c ie s  i s  th e  Me4 N+  ( r  = 3*^A ).
S p e c t r a  o f  t h e s e  u n s t a b l e  complex s p e c ie s  were  ta k e n  i n  
th e  s o l i d  s t a t e  a t  room te m p e ra tu re  and a t  7T°K and a t  room 
te m p e ra tu re  i n  v a r i o u s  s o l v e n t s .  From o t h e r  p h y s ic a l - c h e m ic a l  
d a t a  o b ta in e d  i n  t h i s  i n v e s t i g a t i o n ,  su ch  a s  co n d u c tan ce  d a t a ,  
m ag n e t ic  s u s c e p t i b i l i t i e s ,  ESR s p e c t r a ,  i n f r a r e d  s p e c t r a  a lo n g  
w i th  e l e c t r o n i c  s p e c t r a l  d a t a ,  th e  o b se rv ed  e l e c t r o n i c  and v i b r o n i c
v i
bands a r e  now a s s ig n e d  more c o m p le te ly  and a r e  on a  much f i r m e r  
e m p i r i c a l  b a s i s .  F o r  th e  oxochlorochrom ium (v) compounds th e  fo l lo w in g  
e m p i r i c a l  en e rg y  a s s ig n m e n ts  a r e  p roposed  to  acc o u n t  f o r  th e  o b serv ed  
e l e c t r o n i c  t r a n s i t i o n s :
L >d )xz* y z ' -  dxy
l2 .5 k K
1 0  px  -y ^ *- dxy 1 8 .OkK
d
xy * - " 0 1
22.5hK
d 2z 4-  dxy 25 - 3 0 kK
A new f lu o r o -c o m p le x ,  (E t4N)2CrOFs , was i s o l a t e d  by a  
c o m p le te ly  new method and c h a r a c t e r i z e d  i n  th e  u s u a l  way. The 
e l e c t r o n i c  t r a n s i t i o n s  o b se rv ed  f o r  t h i s  complex a r e  a s s ig n e d  
i n  a  manner c o n s i s t e n t  w i th  th o s e  o f  th e  o x o ch lo ro -c o m p le x es ;  
nam ely, th e  c o r re sp o n d in g  t r a n s i t i o n s  a r e  a s s ig n e d  to  t h e  bands 
a t  8 . 3 ,  2 2 .3 3 ,  1 ^ . 8 7 , and 25-.3lkK, r e s p e c t i v e l y .
■ A new s e r i e s  o f  complexes o f  t h e  g e n e r a l  fo rm u la ,
Cs2CrO(AB)Cl3 where AB r e p r e s e n t s  a  hyd roxy  a c id  ( t a r t a r i c  a c i d ,
hydroxy m a lo n ic  a c i d ,  o r  m a l ic  a c i d ) ,  have  b een  p r e p a r e d .  More 
s p e c i f i c a l l y  t h e s e  new complexes a r e  Cs2CrO(OOCCHOHCHOHCOO)Cl3 , 
Cs2CrO(OOCCHOHCOO)Cl3 , and Cs2CrO(OOCCH2CHOHCOO)Cl3 . These  
r e p r e s e n t  th e  f i r s t  new complexes o f  Cr03+ t o  be i s o l a t e d  t h a t
have  l i g a n d s  o th e r  th a n  Cl and F . A lth o u g h  th e  m ag n e t ic  moment
d a t a  f o r  t h e s e  complexes a r e  i n  th e  ra n g e  ex p ec te d  f o r  a  C r ( iv )  
com plex, a l l  o th e r  accum ula ted  d a t a  (method o f  p r e p a r a t i o n ,  
e le m e n ta l  a n a l y s e s ,  ESR, IR  and e l e c t r o n i c  s p e c t r a )  p o in t
v i i
f i r m ly  to  C r(v )  com plexes . The o b serv ed  e l e c t r o n i c  s p e c t r a l  bands 
a r e  a s s ig n e d  assum ing  t h a t  th e s e  compounds a r e  d 1 s p e c i e s .  The 
proposed  a s s ig n m e n ts  f o r  th e  hydroxy a c id  complexes f i t  i n t o  th e  
scheme p roposed  h e r e  f o r  th e  c h lo r o -  and f lu o ro -c o m p le x e s  o f  
oxochrom ium (v).
v i i i
GENERAL INTRODUCTION
Numerous p a p e r s  have ap p ea red  i n  th e  l i t e r a t u r e  i n  r e c e n t
y e a r s  which in v o lv e  th e  p r e p a r a t i o n  and p r o p e r t i e s  o f  complexes
c o n ta in in g  o x o c a t io n s  o f  t r a n s i t i o n  m e ta l s .  A p a r t i c u l a r  o x o c a t io n
sy s tem  w hich  has  r e c e iv e d  c o n s id e r a b le  a t t e n t i o n  i n  t h i s  l a b o r a to r y
2+and o th e r s  i s  th e  v a n a d y l  s p e c i e s ,  VO . T h is  s p e c i e s  i s  o f  s p e c i a l  
i n t e r e s t  b ecau se  th e  ground s t a t e  c o n f i g u r a t i o n  o f  th e  t e t r a v a l e n t  
vanadium  i s  A r(3d^) and hence  i t  shou ld  be a  s im ple  and s t r a i g h t ­
fo rw ard  sy s tem  f o r  o b s e r v a t io n  and i n t e r p r e t a t i o n  o f  s p e c t r a .
2+ 9L ik ew ise  i t s  s i m i l a r i t i e s  t o  th e  Cu -  d system  v i a  th e  h o le
fo rm a lism  i s  an  a d d i t i o n a l  bonus . T here  a r e  numerous o th e r
o x o c a t io n  sys tem s  w hich have s i m i l a r  s t r u c t u r e s  to  th e  van ad y l
s p e c i e s .  Though most o f  t h e s e  a r e  n o t  a s  s t a b l e  a s  th e  v an ad y l
s p e c ie s .a n d  hence  have n o t  r e c e iv e d  a s  much a t t e n t i o n ,  th e y  lend
th e m se lv e s  t o  i n t e r e s t i n g  com parisons  w i th  th e  v a n a d y l  sy s tem .
One such  sy s tem  i s  th e  oxochromium(V) s p e c ie s  w hich i s  th e  t o p i c
o f  concern  i n  t h i s  d i s s e r t a t i o n .
The f i r s t  oxochromium(V) compounds, r e p o r t e d  i n  th e
1 2  3l i t e r a t u r e  by W einland and F i e d e r e r  * * , were o f  th e  type  RHCrOCl^
4“and J^CrOCl^, where RH = p y r id in iu m  o r  q u in o l in iu m  and M = K , Rb , 
*fr* 4*Cs , o r  NH^. These compounds were p re p a re d  by re d u c in g  CrO^ i n
H te in la n d ,  R .F . ,  and F i e d e r e r ,  M.. . B e r ; . 38^ .3784 (1 9 0 5 ) .  
^W einland, R .F . ,  and F i e d e r e r ,  M., B e r . . 39 , 4Q42 (1 9 0 6 ) .  
^W einland, R .F . ,  and F i e d e r e r ,  M ., B e r . . 40 ,  -2090 (1 9 0 7 ) .
g l a c i a l  a c e t i c  a c id  w i th  hydrogen, c h lo r id e  and add ing  t o  t h i s  a n o th e r  
s o l u t i o n  o f  a c e t i c  a c id  s a t u r a t e d  w i th  hyd rogen  c h lo r i d e  and 
c o n ta in in g  t h e  a p p r o p r i a t e  c h l o r i d e  s a l t .
Sharp and W oolf^ p re p a re d  th e  f lu o r o  complex o f  oxochromium(V) 
by f l u o r i n a t i n g  o r  w i th  BrF^ and th e y  o b ta in e d
KCrOF^ and AgCr0F^.= = KCrOF^ was p re p a re d  more r e c e n t l y  by C la rk  and 
Sadana"*, who employed o t h e r  h a lo g e n  f l u o r i d e s  such a s  CIF^ and
BrFj.. O ther  chromium(V) compounds c o n ta i n in g  f l u o r i d e  t h a t  have
6 7been  p re p a re d  a re  CrFc and CrOF, • 0 .25B rF „ .
D  J  J
g
K ra u ss ,  M anfred , and M uenste r  s tu d ie d  th e  r e d u c t i o n  of
CrO^ w i th  c h lo r id e  io n s  by o p t i c a l  m ethods. The o p t i c a l  i n v e s t i g a t i o n
o f  th e  r e d u c t i o n  o f  chromium t r i o x i d e  w i th  hydrogen c h lo r id e  i n
a c e t i c  a c id  d e m o n s tra ted  a c o u rse  o f  r e a c t i o n  v i a  0 ^ 2 0 ^  t o  o x o c h lo ro -
chrom ate(V) a n io n s .  ^(CrO Cl^)] /[(C rO C l^)]^" , and f i n a l l y  by a
2_
p h o to c h em ica l  r e a c t i o n  t o  [CrC l^O jC l,.]  . I n  t h e i r  s t u d i e s  th e y  
produced  a s e r i e s  o f  c h lo ro -co m p lex es  o f  th e  type  RHCrOCl^
(R = u n i v a l e n t  o r g a n ic  b a s e ) ,  R 'l^CrOCl^ (R ; = b i v a l e n t  o rg a n ic  
b a se )  and RAcCrOCl^ (RAc = N -a c e ty l  p y r id in iu m  io n  o r N - a c e ty l -  
q u in o l in iu m  i o n ) . They a l s o  p re p a re d  CrOCl^ i n  c r y s t a l l i n e  form
^S h arp e ,  A .G . , and W oolf, A .A .,  J .  Chem. S o c . . 798 (1 9 5 1 ) .  
"*Clark, H .C . ,  and Sadana, Y .N ., Can. J .  Chem.. 42^ 702 (1 9 6 4 ) .
g
G lem ser, H .R . , and H e l lb e r g ,  K .H ., Angew. Chem.. 2 ,  266
(1 9 6 3 ) .
^ C la rk ,  K .C . ,  and Sadana, Y .N .,  Can. J .  Chem.. 42 , 50 (1 9 6 4 ) .
g
K ra u ss ,  H .L . ,  L ed e r ,  M., and M u en s te r ,  G . ,  B e r . . 96 , 3008
(1 9 6 3 ) .
g
by t r e a t i n g  CrOg o r  CrC^Cl^ w i th  SOCl^ o r  SO2C I2 ; and  a  l a t e r  method 
in v o lv e d  th e  u se  o f  BClg w i t h  C r t ^ C ^ ^ *
11 12A l k a l i  and a l k a l i n e  e a r t h  ch rom ates(V ) * have been  
13 14p r e p a r e d  and c h a r a c t e r i z e d  * . They a r e  b la c k  o r  b l u e - b l a c k
s o l i d s  w h ich  a r e  v e r y  h y g ro s c o p ic  and r e a d i l y  h y d ro ly z e  w i t h  
d i s p r o p o r t i o n a t i o n  to  c h ro m iu m (I I I )  and ch rom ium (V I). A lk a l in e
p e rc h ro m a te s  w i t h  t h e  e m p i r i c a l  fo rm u la s  K^CrOg, NagCrOg, (NH^)gCrOg
15 16 17 18 19and KMgCrOg have  a l s o  b e e n  p re p a re d  * * * X - ra y  i n v e s t i g a t i o n s  *
o f  t h e  c r y s t a l  s t r u c t u r e  o f  p e rc h ro m a te s  have shown t h a t  t h e  chromium 
9
K r a u s s ,  H .L . ,  and  M u en s te r ,  6 . ,  Z. N a t u r f o r s c h , 17B, 344
(1962) .
^ J o h a n n e s e n ,  R .B . ,  and K ra u s s ,  H .L . ,  B e r . . 97^ 2094 (1 9 6 4 ) .
11S c h o ld e r ,  R . , and Schwarz, H . , Z. A norg . Chem.. 326 , 11
( 1 9 6 3 ) .
12S c h o ld e r ,  R . , Schwochow, F . ,  and Schw arz, H . , Z. A norg .
A l l g .  Chem.. 363 , 10 (1 9 6 8 ) .
13S c h o ld e r ,  R . , Angew. Chem.. 66 , 461 (1 9 5 4 ) .
<1 t
B a i l e y ,  N .,  and Symons, M .C .R .,  J .  Chem. S o c . . 203 (1 9 5 7 ) .
15 R i e s e n f e l d ,  E .H . ,  W o h le rs ,  H .E . ,  and K u ts c h ,  W .A., B e r . .
3 8 ,  1885 ( 1 9 0 5 ) .
16M a r t in e z ,  J . B . ,  A na les  R ea l S oc . E sp an . F i s .  Q uim .. 45B,
697 (1 9 5 3 ) .
17M a r t in e z ,  J . B . ,  R io s ,  B .R . , and B r i t o ,  F . ,  A n a les  R ea l 
S o c .  E sp an . F i s .  Quim .. 49B, 681 (1 9 5 3 ) .
18 R io s ,  B .R . ,  and T r u j i l l o ,  P .G . ,  An. Q u im .. 64, 55 (1 9 6 8 ) .
■^W ilson , I . A . ,  A r k iv .  Kemi M in e ra l  G e o l . . 15B, N o ,5 (1 9 4 2 ) .
20S tom berg , R . ,  and B r o s s e t ,  C . ,  A c ta  Chem. S c a n d , . 14 ,  441
( 1 9 6 0 ) .
atom i s  su rro u n d ed  by f o u r  p e ro x id e  io n s  i n  an e ig h t - c o o r d in a te d ;
21 22 23d o d ecah ed ra l  c o n f i g u r a t i o n ,  and m agnetic  s u s c e p t i b i l i t y  * *
measurements i n d i c a t e  th e  chromium i s  i n  a  p o s i t i v e  f i v e  s t a t e .
The x - r a y  s t u d i e s  i n d i c a t e d  t h a t  t h e r e  a r e  two s e t s  o f  n o n - e q u iv a le n t
C r-0  bonds and th e  ESR r e s u l t s  showed t h a t  t h e  s h o r t e r  C r-0  bonds
a r e  more c o v a le n t  th a n  th e  lo n g e r  on es2^ ’ 2"*.
A t o p i c  o f  much co n ce rn  i n  th e  l i t e r a t u r e  h a s  been  the
26t h e o r e t i c a l  model p roposed  by B a l lh a u se n  and Gray to  a c c o u n t  f o r
th e  n e a r - i n f r a r e d ,  v i s i b l e ,  and u l t r a v i o l e t  s p e c t r a l  bands o f  th e
v a n ad y l s p e c i e s  i n  v a r io u s  ty p e s  o f  ch em ica l e n v iro n m e n ts .  Of
p a r t i c u l a r  i n t e r e s t  i n  t h i s  s tu d y  i s  th e  a d o p t io n  of th e  B a l lh a u se n
27and Gray model by Gray and Hare to  e x p l a i n  th e  n e a r - i n f r a r e d ,
v i s i b l e ,  and u l t r a v i o l e t  a b s o r p t i o n  bands o f  (NH^^CrOCl^.
2-G ray and Hare assumed CrOCl,. t o  have  a  t e t r a g o n a l  s t r u c t u r e  
(C^v symmetry) w i th  a s h o r t  C r-0  bond a n a lo g o u s  t o  th e  s t r u c t u r e  
o f  VOSO  ̂ • 5 ^ 0  w hich i s  known from  X -ray  a n a l y s i s .  The c o o r d in a te  
system  used was such t h a t  t h e  oxo-group l i e s  on th e  p o s i t i v e  z - a x i s  
and th e  c h lo ro -g r o u p s  f a l l  d i r e c t l y  on th e  rem a in in g  C a r t e s i a n  a x e s .
A sim ple  c r y s t a l  f i e l d  t r e a tm e n t  p r e d i c t s  th e  s p l i t t i n g  o f  th e
2 ^T jab b e s ,  B .T . ,  Z. Anorg. A llgem . Chem.. '2*10, 385 (1 9 3 3 ) .
22Klemm, W., and W erth , H . , Z. A norg . A llgem . Chem., 216,
127 (1 9 3 3 ) .
2 ^ R io s ,  B .R .,  and H oarau, J . ,  Compt. r e n d . 241, 1299 (1 9 5 5 ) .
2 S lcG arvey , B .R . , J .  Chem. P h y s . . 37, 2001 (1 9 6 2 ) .
^ S w a l e n ,  J . D . ,  and I b e r s ,  J .A . ,  J .  Chem. P h y s . . 37 , 17 (1 9 6 2 ) .  
O f t
B a l lh a u s e n ,  C . J . , and G ray , H .B . ,  I n o r g .  Chem.. 1 , 111 (1 9 6 2 ) .  
2 ^G ray, H .B .,  and H a re ,  C .R . , I n o r g .  Chem.. 1 , 363 (1 9 6 2 ) .
d o r b i t a l s  i n t o  f o u r  energy  l e v e l s ,  one o f  w hich  i s  tw o -fo ld  
d e g e n e r a te .  F ig u r e  1, ta k e n  from th e  B a l lh a u se n  and Gray p a p e r ,  
shows th e  rem oval o f  d egeneracy  a s  th e  symmetry o f  th e  l ig a n d  f i e l d  
becomes o c t a h e d r a l  ( 0 ^ symmetry) and th en  t e t r a g o n a l  (C^v sym m etry). 
F o r  e ach  l e v e l  th e  f i g u r e  i n d i c a t e s  th e  a p p r o p r i a t e  d o r b i t a l ,  th e  
group t h e o r e t i c a l  symmetry d e s i g n a t i o n  o f  e ac h  o r b i t a l ,  and th e  
en erg y  a s  a f u n c t i o n  o f  Ds, Dt, and Dq. Dq i s  th e  c r y s t a l  f i e l d  
s p l i t t i n g  p a ra m e te r  w hich i s  a measure o f  th e  d l e v e l  s e p a r a t i o n  
i n  an o c t a h e d r a l  f i e l d  w h i le  Ds and Dt a r e  a n a lo g o u s  p a ra m e te r s  which 
s p e c i f y  th e  d e g re e  o f  t e t r a g o n a l i t y  p r e s e n t  i n  th e  f i e l d .  From th e  
s im p le  d iagram  t h r e e  d -d  t r a n s i t i o n s  a r e  p r e d i c t e d :  ^ x z ’ ^yz^ ^xy
(en e rg y  = 3Ds + 5 D t) , dx 2_y 2 “  <̂xy (en e rg y  = 10Dq) and dz 2  «- dxy 
( e n e rg y  = lODq - 4Ds -  5 D t) . I f  a l l  t h r e e  t r a n s i t i o n s  can  be 
a s s ig n e d ,  i t  i s  t h e n  p o s s i b l e  to  c a l c u l a t e  Ds, D t,  and Dq.
2 -
The Gray-H are m o le c u la r  o r b i t a l  d iag ram  f o r  CrOCl,. i s  
shown i n  F ig u r e  2. Oxygen p i  o r b i t a l s  a r e  used  i n  th e  e n e rg y  l e v e l  
scheme b u t  m e ta l - c h l o r i n e  p i  bonding  i s  n e g l e c t e d . By d ro p p in g  i n  
th e  17 v a le n c e  e l e c t r o n s  (10 from 5 c h l o r i n e s ,  6 from oxygen, and 
1 from th e  m e ta l)  one o b ta in s  th e  ground s t a t e  c o n f i g u r a t i o n ,
2 B2 , a s  [ ( I a 1b) 2 ( I I a 1b) 2 ( b 1b ) 2 (eCTb) 4 ( I I I a 1b ) ( e iTb ) 4 ( b 2) ] .  The 
r e f l e c t a n c e  sp ec tru m  d a ta  o b serv ed  f o r  th e  compound, (NH^)2CrOCl^, 
i s  t a b u l a t e d  i n  T ab le  1, w hich  in c lu d e s  th e  G ray-H are a ss ig n m en ts  
and th e  c o n f i g u r a t i o n  o f  th e  e x c i t e d  s t a t e  f o r  each  a ss ig n m e n t .  
Bonding sigma o r b i t a l s  a r e  d e s ig n a te d  a s  IG ( i n n e r  c o re )  and th e y
6
F ig u re  1 . Energy L e v e ls  i n  C r y s t a l l i n e  F i e l d s  o f  0^ and Compressed 
C^v Symmetry, w i th  (-3Ds + 5Dt) >  0.




























































F ig u r e  2. M o lec u la r  O r b i t a l  Diagram Proposed  f o r  [CrOCl^] by 
Gray and Hare ( r e f . 2 7 ) .
CHROMIUM M.O. LEVELS OXYGEN &
ORBITALS CHLORINE
ORBITALS
i r a ^ i a t ,  e t
s r
/ /  ' 
^  /  w i I ^  \  I
\.Ie— r '  / iar(dz2)
\ /  /   \ \
'' *  ̂ \  ' ' \
\ /  /  b ; ( d x 2 - y 2 )
4S /  j --------- —— z  ̂ U
\ \ / /  e ^ x z / d y z ^  \ \ \
\  V  /    " V \  '  \
M /
•l M  b ?<dXv) ^
u  '  I V
^  I T
\ V  ^  - - I P ™
\* ia ^ ia ^  \
W u b ^ '  h \ dr's




REFLECTANCE SPECTRUM DATA FOR (NH^)2CrOCl5 . ASSIGNMENTS 
ACCORDING TO GRAY AND HARE.27
F requency T r a n s i t i o n E x c i te d  S t a t e B
1 2 .90 2 ■ • 2 E ( I )  -  2
( I C ) 12( e £ ) 4 (e£)
2 3 : 5 0 2 2 B1 -  B2 ( I C )X2( e £ ) 4 (b*)
4 0 .0 0 ° 2e ( i i ) -  2b2 ( I C ) 12( e ^ ) 3 (b 2) 2
4 4 .4 0 d 2b2( D  -  2b2 ( I C ) 12( e ^ ) 3 (b 2) ( e * )
a -1F re q u e n c ie s  a r e  g iv e n  in  k i lo K a y s e r s  (kK ), lkK = 1000 cm
BThe ground s t a t e  i n  e ach  c a se  i s  ( I C ) X2(e B) 4 (b 2) .
Q
S h o u ld e r
d *C a lc u la te d  v a lu e  (n o t  o b se rv ed  e x p e r i m e n t a l l y ) .
a r c  assumed to  be u n im p o r ta n t  f o r  t r a n s i t i o n s  i n  t h i s  s p e c t r a l  ran g e  
The t h i r d  d -d  t r a n s i t i o n  i s  n o t  o b se rv ed  and i s  assumed t o  be h id d en  
u n d e r  t h e  f i r s t  ch a rg e  t r a n s f e r  b and . No a t t e m p t  was made by Gray 
and Hare t o  x-ecord aqueous  s o l u t i o n  s p e c t r a  o f  (NH^) ^ rO C l^ . ,  s in c e  
d e c o m p o s i t io n  a p p e a r s  to  t a k e  p l a c e  v e r y  r a p i d l y  ev en : . in  10M HC1.
s u s c e p t i b i l i t y  m easurem en ts  o f  t h e  chrom yl i o n .  The ESR sp ec tru m
l i n e  c e n te r e d  a t  g = 1 .9 8 6 .  The g v a l u e  i n d i c a t e s  an o r b i t a l l y  
n o n -d e g e n e ra te  ground s t a t e  and d i f f e r s  from 2 .0 0 2 3  ( t h e  f r e e  
e l e c t r o n  v a lu e )  due t o  t h e  m ix ing  o f  t h e  ground s t a t e  and e x c i t e d  
s t a t e s  v i a  a  s p i n - o r b i t  c o u p l in g  mechanism . From e x p r e s s io n s  f o r
th e y  were a b le  t o  c a l c u l a t e  g | j  and g on th e  a s s u m p tio n  t h a t  th e y
had c o r r e c t l y  a s s ig n e d  th e  f i r s t  two l ig a n d  f i e l d  e l e c t r o n i c
t r a n s i t i o n s .  The g v a l u e  e x p r e s s io n s  f o r  a  d^ t r a n s i t i o n  m e ta l
26o x o c a t io n  i n  a Ĉ  l i g a n d  f i e l d  a r e
28H a re ,  B e r n a l ,  and Gray r e p o r t e d  ESR and m a g n e t ic
o f  a s o l i d  sam ple o f  Rb^CrOCl^ showed a s i n g l e  b ro a d  re s o n a n c e
1 . it h e  g v a l u e s  f o r  d t r a n s i t i o n  m e ta l  o x o c a t io n s  i n  C^  symmetry'
g 2 .0 0 2 3 (1  -  ------5— 5------- -̂---- )
A E rE (T )  ZB2)
2 .0 0 2 3 (1  -  ----- 9 ?----- )
a e ( zb 1 «- zb 2)
<g>2= 1 / 3 (2 g 2  + g | j )2 -
28H a re ,  C .R . , B e r n a l ,  I . ,  and G ray , H .B . ,  I n o r g .  Chem.. 1,
831 (1 9 6 2 ) .
5+I n  th e s e  e q u a t io n s  ^ i s  th e  s p i n - o r b i t  c o u p l in g  c o n s ta n t  f o r  Cr 
3h- .i n  CrO and th e  s a r e  th e  e l e c t r o n i c  l ig a n d  f i e l d  t r a n s i t i o n s .
Using th e  observed  (g )  v a lu e  and th e  a s s ig n e d  AE v a l u e s ,  £ was
- 1
c a l c u l a t e d  t o  be 65 cm w h i le  g and g | |  were c a l c u l a t e d  to  be
1 .990 and 1 .978  r e s p e c t i v e l y .  The f r e e  io n  s p i n - o r b i t  c o u p l in g
5+ ~1 3+c o n s ta n t  f o r  Cr (380 cm ) i s  d r a s t i c a l l y  red u ced  f o r  CrO
(65 cm and was acco u n ted  f o r  by th e  v e ry  s t r o n g  oxygen to  m e ta l
b o n d in g .
The m ag n e t ic  s u s c e p t i b i l i t y  o f  Rb^CrOCl^ was measured
o v er  th e  te m p e ra tu re  ran g e  o f 77° -  318°K. The t h e o r e t i c a l
29e x p r e s s io n  f o r  m a g n e t ic  s u s c e p t i b i l i t y  g iv e n  by Van Vleck i s  
v = (C/T) + y„  _ w here  C i s  th e  C u rie  c o n s ta n t  and v .T i s  th e^ îi*Jc • H*J?•
t e m p e ra tu re - in d e p e n d e n t  c o n t r i b u t i o n  to  th e  s u s c e p t i b i l i t y .  By 
u s in g  th e  e x p e r im e n ta l ly  d e te rm in e d  g v a lu e  and th e  A^'s from  th e  
s p e c t r a l  d a ta  f o r  Rb^CrOCl^, C and ^  ^  a re  c a l c u l a t e d  and g iv e  a 
X v a lu e  a s  i n d i c a t e d  i n  e q u a t io n  4 . from  th e  e x p e r im e n ta l  p l o t  o f  x
x  = 0 .3 7 0 /T  + 55 x  lO- 6
(1 /T ) f o r  lU^CrOCl^ one o b ta in s  x  = 0 .536 /T  w h ich  i s  i n  v e r y  po o r
ag reem en t w i th  e q u a t io n  ( 4 ) .  T h is  was a t t r i b u t e d  t o  th e  f a c t  t h a t
3-fRb^CrOCl^ i s  u n s ta b l e  tow ard  d i s p r o p o r t i o n a t i o n  t o  g iv e  Cr and 
Cr s p e c x e s .
30 . 5+Kon p o s t u l a t e d  th e  e x i s t e n c e  o f  Cr compounds i n
29Van V leck , J . H . , " E l e c t r i c  and M agne tic  S u s c e p t i b i l i t i e s  
Oxford U n iv e r s i ty  P r e s s ,  1932.
30Kon, H . , B u l l .  Chem. Soc . J a p a n . 35, 2054 (1 9 6 2 ) .
11
CrO„ -  H„SO. o r  KoC r.0_  -  H^SO. system s t o  ex p la in ,  th e  narrow  ESR J 2 4 2 2 1 2 4
a b s o r p t i o n  l i n e s , h e  observed  i n  th e s e  s y s te m s .  The ESR s p e c t r a  
c o n s i s t e d  o f  f o u r  narrow l i n e s  w i th  uneven i n t e n s i t i e s  w i th  the  l i n e  
w id th s  b e in g  1 to  5 g a u ss .  These same f e a t u r e s  w ere  o b se rv ed  i n  
th e  ESR s p e c t r a  d u r in g  th e  r e d u c t i o n  o f  CrO^ o r  w i t h  a  v a r i e t y
o f o t h e r  a c id s  such  a s  t r i f l u o r o a c e t i c ,  o x a l i c ,  l a c t i c ,  o r  c i t r i c  
a c i d .  However, a t t e m p ts  t o  i s o l a t e  th e  p a ra m a g n e t ic  s p e c i e s  were 
u n s u c c e s s f u l .
31In  marked c o n t r a s t  t o  t h i s ,  C a r r in g to n ,  e t  a l .  who were 
th e  f i r s t  t o  o b se rv e  th e  ESR sp ec tru m  o f  CrO^ , r e p o r t e d  th e  ESR 
s i g n a l  to  c o n s i s t  o f  a  s i n g l e  l i n e  w hich  cou ld  o n ly  be ob se rv ed  
a t  T = 20°K. The l i n e  w id th  o f  th e  ESR s i g n a l  i s  te m p e ra tu re
d ep en d en t  and i n c r e a s e s  r a p i d l y  a s  th e  t e m p e ra tu re  i n c r e a s e s  above
o 2520 K. Swalen and I b e r s  r e p o r t e d  th e  ESR sp ec tru m  o f  pe roxychrom ate
3_
i o n ,  Cr(V)0g , and d e te rm in ed  th e  l i n e  w id th  by n u m e r ic a l  a n a l y s i s  
t o  be 2 3 .5  g a u s s .
S t r i k i n g  d i f f e r e n c e s  i n  th e  te m p e ra tu re  a t  w hich  ESR
i
32s t a r t s  to  be o b s e r v a b le  was n o ted  by v an  R e i j e n ,  a t  a l .  and t h i s
5+was thought to  be connec ted  w i th  s p in  l a t t i c e  r e l a x a t i o n .  F o r  Cr 
i n  t e t r a h e d r a l  c o o r d in a t io n ,  a s  i n  B a ^ C r O ^ ^ ,  th e y  found t h a t
31C a r r in g to n ,  A . ,  Ingram , D . J . E . ,  S chon land , D .,  and 
Symons, M .C .R ., J .  Chem. S o c . . 4710 (1 9 5 6 ) .
32v an  R e i j e n ,  L .L . ,  C a s se e ,  P . ,  and van  H aren , H . J . ,
J .  Chem. P h y s . . 38 , 572 (1 9 6 3 ) .
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re s o n a n c e  o n ly  o c c u r s  w e l l  below  80°K w i th  a  l i n e  w id th  o f
t
a p p ro x im a te ly  50 g a u s s .  F o r  (NH^)2^ 001^ ( o c t a h e d r a l )  and K^CrOg
( d o d e c a h e d r a l )  a  l i n e  w i d t h  o f  a b o u t  50 g a u ss  was o b se rv ed  a t
room te m p e r a t u r e .
33Kon p r e s e n t e d  d e t a i l e d  r e s u l t s  o f  ESR, v i s i b l e  and
i n f r a r e d  a b s o r p t i o n  m easurem ents  o f  com plexes o f  t h e  ty p e  RCrOCl^
(R = p y r id in iu m ,  q u in o l in iu m ,  o r  te tram ethy lam m onium  i o n )  and
K^CrOCl^ i n  s o l u t i o n  and i n  th e  s o l i d  s t a t e .  I n  th e  i n f r a r e d
r e g i o n  he r e p o r t e d  th e  s t r o n g  band a t  950 cm ^ i n  KBr p e l l e t  t o  ■
be th e  C r-0  s t r e t c h i n g  v i b r a t i o n  i n  a l l  t h e  co m plexes . The
v i s i b l e  a b s o r p t i o n  s p e c t r a  o f  t h e  com plexes w ere  o b se rv e d  i n
n i t r o b e n z e n e  s o l u t i o n  a t  room te m p e r a tu r e  and w ere  r e p o r t e d  t o
be a lm o s t  i d e n t i c a l ,  w i th  a b s o r p t i o n  bands b e in g  o b se rv e d  a t  1 8 .0 0 ,
2 2 . 4 0 ( s h ) ,  and 23.50kK . The ESR s p e c t r a  o f  t h e s e  com plexes i n
s o l u t i o n  a t  room te m p e r a tu r e  and a t  77°K. w ere  a l s o  v i r t u a l l y
i d e n t i c a l  i n  t h e i r  g v a l u e s ,  l i n e  w id t h s ,  and th e  a v e r a g e  h y p e r f in e
53s p l i t t i n g s  due t o  t h e  Cr i s o t o p e  ( n a t u r a l  abundance  = 9.55%, w i th  
n u c l e a r  s p i n  o f  3 /2 )  a s  shown i n  T a b le  I I .  S in c e  a l l  th e  com plexes 
e x h i b i t  e s s e n t i a l l y  t h e  same ESR and v i s i b l e  a b s o r p t i o n  s p e c t r a ,  
a p p a r e n t l y  th e  same p a ra m a g n e t ic  s p e c i e s  e x i s t  i n  s o l u t i o n .  A 
r e a s o n a b le  s t r u c t u r e  o f  th e  common p a ra m a g n e t ic  s p e c i e s  was assumed
3 3 Kon, H . ,  J .  I n o r g .  N u c l .  Chem.. 2^ , 933 (1 9 6 3 ) .
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TABLE I I
g-VALUES, LINE WIDTHS AND AVERAGE HYPERFINE SPLITTINGS 
OF RCrOCl^ AND K2CrOCl5 IN SOLUTION AT ROOM 
TEMPERATURE ACCORDING TO RON33
Sample <g> L in e  W idth (G) Ave. h f s  (G)
K_CrOCl_ z o 1 .9877 2 . 8* 19 .7
RCrOCl4
R = p y r id in iu m 1.9877 2 . 8*
2 . 1**
19 .9
R = q u in o l in iu m 1.9880 2 . 6*
2 . 0**
1 9 .9
a  “  (CHa)4 N+ 1.9875 2 .7 *
1 .9**
1 9 .8
In  g l a c i a l  a c e t i c  a c id
I n  n i t r o b e n z e n e
t o  be  a  t e t r a g o n a l  p y ram id :
14
Cl o  Cl
\ l l /
C r
/  \  
C l  C l
The e s t im a te d  v a lu e s  o f  g j | and g^ were 2.008 and 1 .9 7 4  from 
w h ich  a g av e rag e  was c a l c u l a t e d  t o  be 1 .9 8 5 .  T h is  v a lu e  i s  i n  
a p p ro x im a te  ag reem ent w i t h  t h e  ob se rv ed  v a lu e s  i n  s o l u t i o n .  Kon 
e x p la in e d  t h e  g v a lu e s  on th e  b a s i s  o f  m o le c u la r  o r b i t a l  t h e o r y  
assum ing  a  c o n s id e r a b le  amount o f  co v a len cy  betw een  th e  chromium and 
t h e  c h l o r i n e s .
34In  a  l a t e r  p u b l i c a t i o n ,  Kon and S h a r p le s s  r e c a l c u l a t e d  
g and g | |  by do ing  a  l i n e  shape a n a l y s i s  t o  improve t h e i r  a c c u ra c y .  
They c a r r i e d  o u t  th e  c a l c u l a t i o n  from  th e  ESR o f  ^CrOCl^. e n r ic h e d  
w i t h  ^ C r  (98%) i n  a c e t i c  a c id  a t  77°K. The p eak s  due t o  Cr n u c le a r  
s p i n  c o u p l in g  were w e l l  s e p a ra te d  from  each  o t h e r  and g i i  and g
w ere  c a l c u l a t e d  t o  be 2.008,. and 1 .9 7 7^> r e s p e c t i v e l y .  The same 
p ro c e d u re  was used f o r  powdered pyH(CrOCl^) w here g jr and g^ were
c a l c u l a t e d  t o  be 1 .988^  and 1 . 9 7 9 2 » The ag reem ent betw een th e  
e x p e r im e n ta l  and computed l i n e  shape f o r  th e  powdered pyH(CrOCl^)
34,
( 1 9 6 5 ) .
Kon, H ., and S h a rp less , N .E ., J . Chem. P h y s .. 42, 906
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was v e ry  good. Note t h a t  g | |  i s  g r e a t e r  th a n  i n  b o th  c a s e s  w i th  
g t i  b e in g  g r e a t e r  th a n  th e  f r e e  s p in  v a lu e ,  (2 .0 0 2 3 )  i n  th e  case
2 -
o£ the CrOCl^ s p e c i e s .
A p e r t u r b a t i o n  c a l c u l a t i o n  c a r r i e d  th ro u g h  the  second
o r d e r  u s in g  th e  Abragam -Fryce p e r t u r b a t i o n  H am ilto n ian  was used to
c a l c u l a t e  th e  bond ing  p a ra m e te r s .  I n  th e  second o r d e r ,  th e
e l e c t r o n i c  t r a n s i t i o n  in v o lv in g  th e  t r a n s i t i o n  o f  an e l e c t r o n  i n
*
th e  f i l l e d  b^ bonding  m o le c u la r  o r b i t a l  t o  th e  h a l f - f i l l e d  b^
o r b i t a l  was ta k e n  i n t o  a c c o u n t .  Kon and S h a r p le s s  a s s ig n e d  the
e l e c t r o n i c  band ob serv ed  a t  18.30kK to  th e  b^ -* b* t r a n s i t i o n  and
showed by c a l c u l a t i o n  t h a t  i f  th e  e x c i t e d  c o n f i g u r a t i o n ,  b^ -♦ b*,
was n e g le c te d  i n  e q u a t io n  5 no p h y s i c a l l y  a c c e p ta b le  s o l u t i o n
f o r  a  ( c o v a le n t  bond ing  p a ra m e te r )  was p o s s i b l e  r e g a r d l e s s  o f  the
ch o ice  o f  th e  s p i n - o r b i t  c o u p l in g  p a ra m e te r .  The o v e r a l l
a r ran g em en t of t h e  m o le c u la r  o r b i t a l  energy  d iag ram  was assumed
27t o  be th e  same a s  t h a t  g iv e n  by Gray and Hare ex ce p t  t h a t  th e
in - p l a n e  rr bond in v o lv in g  3 d ^  i s  ta k e n  i n t o  a cc o u n t  and th e
l o c a t i o n  o f  th e  bond ing  b^ o r b i t a l  may be much h ig h e r  th a n  i n
o th e r  i s o e l e c t r o n i c  com plexes. From th e  v a lu e s  o b ta in e d  f o r  the
c a l c u l a t e d  bonding  p a ra m e te rs  th e y  concluded  t h a t  a s i g n i f i c a n t
amount o f  n  bonding  between th e  chromium and oxygen i s  o c c u r r in g  and
the in -p la n e  tt bond in v o lv in g  the  3d m etal o r b i t a l  appears to  bexy
im p o r ta n t  i n  u n d e r s ta n d in g  th e  bond s i t u a t i o n .  The e q u a t io n s  used 
to  c a l c u l a t e  th e  bonding  p a ra m e te r s  in c lu d e d  t h e  two i n d i c a t e d
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below . Note t h a t  th e  s h i f t  o f  g j j  due to th e  b* -* b* t r a n s i t i o n  i s  
( g j | / 2 . 0 0 2 3 )  - 1 » - ( lV E (b ^ bp ) ( 2 o f 8 1 gm- a , 31, 5J&) x ( 2^ - 20, ' b ' )
+ ( 1 /E ^  _^*j) x ( 2 a / f}^5m+ o'8^ Jj)(2cv/ 8^+cvSp . . . . 5
( g x/ 2 .0 0 2 3 )  -  1 = . . . . 6
p o s i t i v e  in. e q u a t io n  5 b u t  th e  b^ -* b* t r a n s i t i o n  i s  n o t  in v o lv ed
i n  e q u a t io n  6 * T h is ,  o f  c o u r s e ,  would acco u n t f o r  g j j  b e in g  g r e a t e r
th a n  g i n  t h i s  c a s e .  T h is  type  o f  t r a n s i t i o n  i s  u s u a l l y  ig n o red
i n  m eta l  complexes .w ith  l e s s  th a n  f i v e  d e l e c t r o n s  s in c e  th e  e x c i t a t i o n
energy  from th e  bonding  o r b i t a l s  i s  u s u a l l y  too  h ig h  to  g iv e  a
s u b s t a n t i a l  c o n t r i b u t i o n  t o  th e  g f a c t o r .
35Kon and S h a rp le s s  showed t h a t  t h e  su p e r  h y p e r f in e
s p l i t t i n g  i n  th e  ESR sp ec tru m  o f  CrOCl^ s o l u t i o n  a t  77°K ( i n
35 37a c e t i c  a c id  s a t u r a t e d  w i t h  HG1) was due to  th e  Cl and Cl n u c l e i .
The ev id en c e  g iv e n  f o r  t h i s  was o b ta in e d  by s tu d y in g  th e  complex
52e n r ic h e d  (99.8%) w i th  th e  even i s o t o p e ,  C r, i n  which t h e  ESR 
sp ec tru m  showed a b e t t e r  r e s o lv e d  s t r u c t u r e  th a n  w i th  th e  non­
e n r ic h e d  Cr complex.
36L ip a to v a  and Semenova have s tu d ie d  th e  i n f r a r e d  s p e c t r a  
35Kon, H . , and S h a r p le s s ,  N .E . ,  J .  Chem. P h y s . . 43 , 1081
(1 9 6 5 ) .
3 6L ip a to v a ,  I . P . ,  and Semenova, E . I . ,  T e o re t ic h e s k a y a  
E k s p e r im e n ta l 1 naya K h im iia . j2, 279 (1 9 6 6 ) .
.j. _l_
o f  chromyl com plexes o f  th e  ty p e  RCrOCl^ (R = C^H^NH o r  CgH^NH )
and R^CrOCl,. (R = k"**, Rb+ , Cs+ , Nh £, CgH^NH*) i n  c o n ju n c t io n  w i th
th e  ESR s p e c t r a .  In  a c e to n e  and a c e t o n i t r i l e  two narrow  i n t e n s e
bands w ere  o b serv ed  a t  1020 and 948 cm ^ f o r  a l l  com p lex es ,  w i th
th e  1020 cm ^ band a s  w e l l  a s  t h e  ESR s i g n a l  d i s a p p e a r in g  upon th e
a d d i t i o n  o f  PbO^* They assumed p a r t i a l  o x i d a t i o n  t a k e s  p la c e  i n
- 1s o l u t i o n  and a s s ig n e d  th e  1 0 2 0  cm band t o  th e  p e n t a v a l e n t  chrom ium - 
oxygen s t r e t c h i n g  f r e q u e n c y  and th e  band a t  948 cm ^ t o  a chromium
-X
oxygen s t r e t c h  due t o  s e x i v a l e n t  chromium. S in ce  th e  1020 cm 
band was unchanged f o r  a l l  t h e  com plexes i n  e i t h e r  s o l v e n t ,  th e y  
p o s t u l a t e d  t h a t  t h e  f i r s t  c o o r d i n a t i o n  s p h e re  o f  th e  chromyl 
c h l o r i d e  com plexes i n  s o l u t i o n  w ere a l l  t h e  same. In  p e t ro le u m  o i l  
m u ll  RCrOCl^ had a n  i n t e n s e  band a t  1015 cm ^ w h i le  R2C r0 Cl^ had 
a maximum i n  th e  940 - 960 cm ^ r e g io n  dep en d in g  on th e  c a t i o n .
T h is  d i f f e r e n c e  i n  th e  chromium-oxygen s t r e t c h i n g  f r e q u e n c y  was 
e x p la in e d  by th e  e f f e c t  o f  th e  c h l o r i n e  a t t a c h e d  t r a n s  t o  th e  chrom yl 
oxygen a ssum ing  t h a t  th e  s t r u c t u r e s  o f  t h e  two s p e c i e s  a r e
The ESR s p e c t r a  o f  th e s e  complexes a l s o  d i f f e r  I n  t h a t  th e  w id th
o f  th e  p a ra m a g n e t ic  a b s o r p t io n  l i n e  f o r  RCrOCl^ i s  a lm o s t  h a l f  t h a t
o f  R^CrOCl^. In  KBr p e l l e t  th e  RCrOCl^ shows an i n t e n s e  band a t
955 cm ^ b u t  th e  ESR s i g n a l  a l s o  d i s a p p e a r e d .  The a p p a r e n t  r e a s o n
f o r  t h i s  b e h a v io r  was g iv e n  a s  b e in g  due t o  th e  brom ide e n t e r i n g
th e  t r a n s  p o s i t i o n  to  th e  chromyl oxygen, and th e  o x i d a t i o n  o f
Cr(V) t o  C(VI) d u r in g  th e  g r in d in g  p r o c e s s  i n  p r e p a r a t i o n  o f  th e
p e l l e t .  A p p a re n t ly ,  th e y  assumed t h a t  a i r  o x id a t io n  was o c c u r r in g
a l th o u g h  t h i s  was no t s t a t e d .  The s p e c t r a  o f  R^CrOCl^ i n  w hich
t h e r e  i s  no t r a n s  p o s i t i o n  a v a i l a b l e  f o r  occupancy by bromide a r e
i d e n t i c a l  i n  p e t ro le u m  o i l  m u ll  and KBr p e l l e t .
37Brown r e p o r t e d  3 t - r a y  d i f f r a c t i o n ,  m ag n e t ic  s u s c e p t i b i l i t y
and i n f r a r e d  s t u d i e s  f o r  ces ium  o x o ch lo ro  complexes o f  th e  ty p e ,
C s2M ^ 0 C 1 , .  (M(V> = Nb, C r ,  Mo, o r  W). The s t r u c t u r e  o f  t h e s e
compounds was r e p o r t e d  to  be th e  K„PtCl,. s t r u c t u r e  w i t h  t h e  u n i t  c e l lZ o
d im en s io n  o f  th e  chromium complex g iv e n  a s  1 0 .2 4 8 . The m agnetic  
s u s c e p t i b i l i t y  o f  Cs2CrOCl,- was d e te rm in e d  i n  th e  t e m p e ra tu re  range  
from  89° - 300°K and th e  C u rie -W eiss  r e l a t i o n  was obeyed f o r  a  
s m a l l  v a lu e  o f  0 (Weiss c o n s t a n t ) .  The m ag n e t ic  s u s c e p t i b i l i t y  
v a lu e  was 1 .8 0  B.M. w hich i s  v e ry  c lo s e  t o  th e  s p in - o n ly  v a l u e .
I n  th e  i n f r a r e d  r e g io n  th e  chroraium-oxygen s t r e t c h i n g  v i b r a t i o n  was 
r e p o r te d  a t  925 cm ^ w i th  t h e  chromium-chlorine v i b r a t i o n  o c c u r r in g
^ B ro w n ,  D .,  J .  Chem. S o c . . 4944 (1964)
19
a t  336 cm ^ f o r  th e  chromium com plex.
38Mis lira  and Symons p r e s e n te d  e v id en c e  f o r  a Cr(V) complex
a s  a p ro d u c t  o f  th e  r e a c t i o n  betw een  65% oleum and p o ta s s iu m  chrom ate .
The e v id en c e  c o n s i s t e d  o f  th e  q u a n t i t a t i v e  e v o lu t io n  o f  oxygen in
acco rd  w i th  th e  r e a c t i o n  - 4Cr -» 4Cr + ESR s p e c t r a ,  e l e c t r o n i c
s p e c t r a ,  and m ag n e t ic  s u s c e p t i b i l i t y  m easurements w hich  w ere  i n
acco rd  w i t h  one u n p a ire d  e l e c t r o n .  E l e c t r o n i c  t r a n s i t i o n s  were
observed  a t  13.70kK (e  = 60) and 18.10kK (e  = 4 0 ) .  A p o s s i b l e
fo rm u la  f o r  th e  Cr^+ complex was g iv e n  a s  0Cr(HS„0 ) b u t  i t  was
z  /  j  ^
n o t i s o l a t e d .
26The B a l lh au sen -G ray  m o le c u la r  o r b i t a l  scheme was used
by M ishra  and Symons t o  a s s i g n  th e  d -d  e l e c t r o n i c  t r a n s i t i o n s  t h a t
w ere  o b se rv e d .  The band a t  13.70kK was a s s i g n e d . a s  th e  d ,d  *- d°  x z ’ yz xy
and th e  second band a t  18.10kK was a s s ig n e d  a s  th e  d o  o *- dx z_yz xy
t r a n s i t i o n .  They s u g g e s t  t h a t  th e  hydrogen  p y r o - s u l f a t e  and
p o s s i b l y  hydrogen s u l f a t e  a r e  w eak ly  bonded to  t r a n s i t i o n  m e ta l  io n s
b o th  w i th  r e s p e c t  t o  cJ and tt i n t e r a c t i o n s  compared to  t h e  p e n ta c h lo r o -
2 -
d e r i v a t i v e ,  CrOCl,. , and , t h e r e f o r e ,  th e  f i r s t  t r a n s i t i o n  shou ld  be a t
s l i g h t l y  h ig h e r  e n e r g i e s .  The a n t ib o n d in g  l e v e l  i n v o lv in g  th e  d
o r b i t a l  w i l l  be r a i s e d  i n  energy  a s  a r e s u l t  o f  y rbond ing  w i th
c h lo r id e  w h i le  th e  d ,d  l e v e l  w hich i s  a l r e a d y  in v o lv e d  i nxz * yz J
rr-bonding t o  oxygen w i l l  change v e ry  l i t t l e  i n  go ing  from th e  
38M ishra, H .C ., and Symons, M .C .R ., J . Chem. S o c . . 4490
(1 9 6 3 ) .
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c h lo ro -c o m p le x  to  th e  oleum d e r i v a t i v e  s i n c e  th e  d^ 2  o r b i t a l ,  
w hich  i s  an  a n t ib o n d in g  a - o r b i t a l ,  would be e x p e c te d  t o  be  r a i s e d  
i n  en e rg y  on g o in g  to  t h e  p e n t a c h l o r o - d e r i v a t i v e . By u se  o f  th e  
s p e c t r a l  d a t a  th e y  c a l c u l a t e d  g j j  and g ^  to  b e  1 - 9 3  and I .9 8  
r e s p e c t i v e l y ,  w h i l e  th e  o b se rv e d  v a lu e s  w ere  1 . 9 5 1  and 1 * 9 7 0  f o r  
th e  6 5 $  oleum-K2 Cr2 0 7 s o l u t i o n .
On
The e x i s t e n c e  o f  CrOFs  i n  a  20$ HF s o l u t i o n  c o n t a i n i n g
39Cr0 3  was r e p o r t e d  by  G a r i f 'y a n o v  . The ESR sp e c t ru m  o f  t h i s  
s o l u t i o n  a t  2^ 0 °K was s p l i t  i n t o  5 components w i t h  a 6  g au ss  
s e p a r a t i o n  be tw een  e ach  com ponent. T h is  s p l i t t i n g  was i n t e r p r e t e d  
as  b e in g  d e r iv e d  from  f o u r  e q u i v a l e n t  19F n u c l e i  and due t o  t h e  
i n t e r a c t i o n  o f  th e  lo n e  3 d e l e c t r o n  w i th  th e  s t r o n g l y  c o v a l e n t l y  bound 
19F n u c l e i .  O b s e r v a t io n  o f  th e  ESR sp ec tru m  o f  t h i s  s o l u t i o n  
a t  7 7 °K showed a  complex f l u o r i n e  a n i s o t r o p i c  s u p e r  h y p e r f i n e
2 -s t r u c t u r e .  The ESR sp e c tru m  o b se rv e d  was s i m i l a r  to  t h a t  o f  M0OF5  
and h ence  t h e  s t r u c t u r e  was th o u g h t  t o  be  t h e  same i n  w hich  th e  
Cr3 i s  l o c a t e d  w i t h i n  an  o c ta h e d r o n  formed from  f i v e  c o v a l e n t l y  
bound a tom s: k e q u i v a l e n t  f l u o r i n e  atoms and one oxygen a tom , w i th
t h e  f i f t h  f l u o r i n e  i n  t h e  t r a n s  p o s i t i o n  w i t h  r e s p e c t  t o  th e  oxygen 
h a v in g  a w eaker  b o n d . The r e p o r t e d  g v a lu e  w i t h  r e s p e c t  t o  t h e  
c e n t r a l  l i n e  was I . 9 6 0 .
1|_0VanKemenade, V e rb eek , and Cornaz o b se rv ed  th e  l i g a n d
^ G a r i f ’ y an o v , N .S . ,  D o k l .  Akad. Nauk SSSR, 1 5 5 . 385 ( 1 9 6 k ) .  — ^   ' -
ko Van Kemenade, J . T . C . ,  V e rb ee k ,  J . L . ,  and C o rn az ,  P . F . ,
R ec . T r a v . Chim. , 8 ^ ,  6 2 9  ( I 9 6 6 ) .
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2-h y p e r f in e  s t r u c t u r e  i n  th e  ESR sp ec tru m  o f  CrOF^ p r e p a r e d  i n
s o l u t i o n  from  (pyH) 2 CrOCl,. i n  38% HF a t  123°K. The o p t i c a l
sp ec tru m  o f  t h i s  s o l u t i o n  i n  th e  r e g i o n  o f  1 0 ,0 0 0 -3 5 ,0 0 0  cm ^
showed com ple te  c o n v e r s io n  to  th e  f l u o r i d e  compound had ta k en
p l a c e .  The c o lo r  o f  th e  HF s o l u t i o n  was p a l e  y e l lo w  w h i le  th e
c h l o r i d e  complex was d a rk  p u r p l e .  The g e n e r a l  shape  o f  t h e  sp ec tru m
was th e  same a s  t h a t  f o r  MoOCOH)^ d i s s o l v e d  i n  38% HF a t  123°K.
41V erbeek and Cornaz p ro p o sed  a  s im p le  model f o r  th e
o b se rv ed  l ig a n d  s u p e r  h y p e r f i n e  s t r u c t u r e  i n  com plexes o f  the  
2 -
ty p e  M0X<- w here  M = C r, Mo, o r  W and X = F ,  B r. They assumed
t h a t  c o n t a c t  i n t e r a c t i o n  and d i p o l e - d i p o l e  i n t e r a c t i o n  be tw een
th e  u n p a i re d  e l e c t r o n  and t h e  l ig a n d s  a r e  t h e  o r i g i n  o f  t h e  l ig a n d
s u p e r h y p e r f i n e ■ s t r u c t u r e .  I t  i s  shown t h a t  a  re m a rk a b le  re sem b la n c e
e x i s t s  be tw een  th e  sp ec tru m  b ased  on t h e s e  a s s u m p tio n s  and th e
2-
a c t u a l  sp e c tru m  o f  a f r o z e n  s o l u t i o n  o f  CrOF^. i n  38% HF.
Abdrakhmanov, G a r i f 'y a n o v ,  and  Semenova*^ r e c e n t l y  
r e i n v e s t i g a t e d  th e  ESR sp e c tru m  o f  CrO^ i n  HF o v e r  th e  f r e q u e n c y  
ra n g e  o f  600-1200 Mcps. The ESR sp e c tru m  a t  77°K c o n s i s t e d  o f  
sev en  p a r t i a l l y  r e s o lv e d  l i n e s  o f  s u p e r h y p e r f in e  s t r u c t u r e  from  th e
19
f o u r  F n u c l e i  w i th  g = 1 . 9 6  f o r  t h e  c e n t r a l  l i n e  o f  t h e° e f f .
sp e c tru m . S in c e  one sh o u ld  o n ly  o b se rv e  f i v e  l i n e s  from  4 e q u i v a l e n t
— MM—— i ^ ^ ^  ^
41V erbeek , J . L . ,  and C ornaz , P . F . ,  Rec. T r a v .  Chim. . 8 6 ,
209 (1 9 6 7 ) .
42Abdrakhmanov, R .S . ,  G a r i f 'y a n o v ,  N .S . ,  and Semenova, E . I . ,  
Z h u rn a l  S t r u k t u r n o i  K h im ii . 9 j 530 (1 9 6 8 ) .
19F n u c le i  th e y  i n t e r p r e t e d  the  seven l i n e s  o bserved  as  b e in g  due
t o  th e  u n p a ire d  3d e l e c t r o n  o f  th e  c e n t r a l  atom i n t e r a c t i n g  w i t h  two
m a g n e t i c a l ly  n o n -e q u iv a le n t  p a i r s  of- l ig a n d  n u c l e i  l o c a t e d  i n  th e
e q u a t o r i a l  p la n e  o f  th e  complex. I n  th e  p re s e n c e  o f  c o v a le n t  bonds
o f  an  u n p a ire d  e l e c t r o n  w i t h  two n o n -e q u iv a le n t  p a i r s  o f  l ig a n d
n u c l e i ,  n in e  s u p e r h y p e r f in e  s t r u c t u r e  l i n e s  should  be  o b se rv e d ,
b u t  th e y  p roposed  t h a t  a p a r t i a l  s u p e r p o s i t i o n  o f  th e  l i n e s  o ccu rs
r e d u c in g  th e  number to  seven  and e x p la in in g  th e  l a r g e  w id th  o f  th e
s u p e r h y p e r f in e  s t r u c t u r e  com ponents . No a d d i t i o n a l  h y p e r f in e
19s t r u c t u r e  was observed  i n  th e  f r o z e n  s o l u t i o n  from  th e  F n u c l e i
i n  th e  a x i a l  p o s i t i o n  w hich  th e y  e x p la in e d  was due to  th e  m agnitude
o f  th e  h y p e r f in e  s p l i t t i n g  l y in g  w i t h i n  th e  l i m i t s  o f  th e  l i n e
w id th  o f  th e  i n d i v i d u a l  s u p e r h y p e r f in e  s t r u c t u r e  from  th e  f l u o r i n e
atoms i n  th e  e q u a t o r i a l  p la n e  o f  th e  complex,
43Manoharan and Rogers a l s o  r e c e n t l y  o bserved  th e  s u p e r -  
19 2-h y p e r f in e  i n t e r a c t i o n  o f  F i n  CrOF^ . They p re p a re d  KCrOF^ by 
th e  method o f C la rk  and Sadana^ , d i s s o lv e d  i t  i n  48% HF and 
re c o rd e d  th e  sp ec tru m  a t  270°K and 77°K. The ESR a t  270°K showed t h a t  
th e  c e n t r a l  l i n e  due t o  th e  u n p a ire d  e l e c t r o n  was s p l i t  i n t o  f i v e  
e q u i d i s t a n t  l i n e s  w i th  i n t e n s i t y  r a t i o s  o f  1 : 4 : 6 :4 :1  s i m i l a r  t o  t h a t  
r e p o r t e d  by G a r i £ , yanov b u t  more sym m etric .  As th e  c o n c e n t r a t i o n  of 
KCrOF^ was d e c re a se d  by ad d in g  more HF th e  i n t e n s i t y  r a t i o s  changed
and each  l i n e  was s p l i t  i n t o  a  d o u b le td u e  t o  th e  i n t e r a c t i o n  o f  th e
/
f  Q
Manoharan, P .T . ,  and R ogers, M .T., J . Chem. P h y s . . 49 ,
5510 (1 9 6 8 ) .
u n p a i re d  e l e c t r o n  w i th  an  a x i a l  f l u o r i n e .  One o f  th e  components o f
e ach  d o u b le t  a p p e a r s  more i n t e n s e  i n  th e  s p e c t ru m  b e c a u se  th e  s i n g l e
l i n e  from  th e  CrOF^ s p e c i e s ,  w h ich  shows no a x i a l  f l u o r i n e  i n t e r a c t i o n ,
2 -
c o in c i d e s  w i th  t h a t  component o f  th e  d o u b le t  due to  t h e  CrOF,.
2 -
s p e c i e s .  However, th e y  w ere  n o t  a b le  t o  o b s e rv e  a  sp ec tru m  o f  CrOF,. 
a lo n e  on f u r t h e r  d i l u t i o n .  A ls o ,  t h e i r  e f f o r t s  to  o b t a i n  an  ESR 
s p e c t ru m  o f  a  s i n g l e  c r y s t a l  o f  K^NbOF^ • c o n t a i n i n g  ^C rO F ,.
w ere  n o t  s u c c e s s f u l .  The f r o z e n  a c i d - g l a s s  sp e c tru m  t h a t  was
o b se rv ed  f o r  KCrOF^ was s i m i l a r  to  th e  one r e p o r t e d  by  V erbeek  and
41 39Cornaz and by G a r i f ' y anov • I n T a b le  XXI l i s t e d  below  th e
ESR d a t a  i s  r e c o r d e d .
TABLE I I I
VALUES OF g | | ,  g^  AND <g> FOR CrOF^ AND C rO F |"  SPECIES 
IN SOLUTION AND FROZEN GLASS
P a ra m e te r CrOFT4 CrOF?”3 R e fe re n c e
g l 1 1 .959 1 .959 43
s x
1 .968 1 .9 6 8 43
<s ) 1 .9 6 4 1 .9 6 3 43
I n  m ost com plexes c o n ta i n in g  MO (M = V, Mo, o r  Cr)
2-  2 -g | |  <  g ^ .  However, f o r  CrOCl,. and MoOCl^ i t  was found  t h a t  
g 11 > a a d t h i s  r e v e r s a l  must be r e f l e c t e d  i n  t h e i r  b o n d in g .
Kon and S h a rp ie s^  e x p la in e d  t h i s  r e v e r s a l  by assum ing a  r e l a t i v e l y
low ly in g  e x c i t e d  e l e c t r o n i c  c o n f i g u r a t i o n  i n  w hich an  e l e c t r o n  i n
a  f i l l e d  o r b i t a l  i s  e x c i t e d  t o  th e  h a l f - f i l l e d  b* o r b i t a l .
43However, Manoharan and Rogers p roposed  t h a t  i t  i s  th e  s p i n - o r b i t
i n t e r a c t i o n  o f  th e  l ig a n d  t h a t  i s  c au s in g  th e  r e v e r s a l  o f  th e
r e l a t i v e  m agn itudes  o f  g j j  and g ^ . By u s in g  th e  argum ent t h a t
i s  much h ig h e r  th a n  ( \  = s p i n - o r b i t  c o u p l in g  c o n s ta n t )  t h i s
2 -  2-would e x p la i n  why g j j < g^ i n  MoOF^ and CrOF^ b u t  g 11 >  g^ i n  
MoOCl^ and CrOCl^ .
Ev idence  f o r  th e  e x i s t e n c e  o f  a  Cr(V) complex w i t h  e th y le n e
. 44g ly c o l  was p r e s e n te d  r e c e n t l y  by G a r i f  yanov , Kozyrev, and F edo tov
I
from  ESR d a t a .  The e th y le n e  g ly c o l  complex o f  Cr(V) was o b ta in e d
th ro u g h  warming o f  an  e th y le n e  g l y c o l  s o l u t i o n  o f  e i t h e r
(NH^^CrO^- K^CrO^ o r  CrO^ -  ^ C rg O y  and i t s  ESR sp ec tru m  de te rm in ed
i n  b o th  l i q u i d  and s o l i d  s o l u t i o n s .  The m easurem ents w ere  made
th ro u g h  a  t e m p e ra tu re  ran g e  o f  320° -  77°K and i n  th e  l i q u i d  s o l u t i o n
f o u r  l i n e s  were o b se rv ed  f o r  t h e  odd i s o t o p e  and one f o r  th e  even
i s o t o p e s .  Superimposed on t h i s  was a n in e  l i n e  sp ec tru m  w i th  e q u a l
sp a c in g s  o f  0 ,6 4  g au ss  w hich was a t t r i b u t e d  t o  th e  p r o to n s  o f  th e
complex. S p e c t ra  o f  th e  s o l i d  s o l u t i o n s  a t  218°K showed th e  even
*
i s o to p e s  to  p roduce  a  s in g l e  l i n e  w i th  g = 1 .981 and a  l i n e  w id th
53o f  7 .8  g a u s s .  The Cr i s o to p e  had an  a n i s o t r o p i c  h y p e r f in e  b e h a v io r  
and A n  was 35 g au ss  w h ile  A was c a l c u l a t e d  t o  be 8 .9  g a u s s .  From
44 ,G a r i f  yanov, N .S . ,  K ozyrev, B .M .,  and F e d o to v ,  V .N ., 
D ok l.  Akad. Nauk SSSR. 1 7 8 (4 ) ,  808 (1 9 6 8 ) .
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O -------- C — H
H
From th e  f o r e g o in g  ( e x h a u s t iv e )  d i s c u s s i o n  i t  would appea r
t h a t  th e  p r e p a r a t i v e  and o th e r  s t u d i e s  re c o rd e d  i n  th e  l i t e r a t u r e  o f
Cr(V) complexes a r e  g e n e r a l l y  q u i t e  in c o m p le te .  F o r  example th e
few s p e c t r a l  s t u d i e s  o f  th e  e x i s t i n g  c h lo ro  d e r i v a t i v e s  o f  C r(V ),
namely RCrOCl^ and R^CrOGl^, a r e  in c o m p le te  and even c o n t r a d i c t o r y .
T h e r e f o r e ,  i t  seemed t h a t  a  r e i n v e s t i g a t i o n  o f  th e  e x i s t i n g  s p e c ie s
a s  w e l l  a s  p r e p a r a t i v e  and p h y s ic a l - c h e m ic a l  s t u d i e s  o f  new s p e c ie s
would be b e n e f i c i a l .  Such a  s tu d y  would a l lo w  one to  make a more
com ple te  a s s i g n m e n t : o f  th e  e l e c t r o n i c  s p e c t r a l  d a t a ,  and th e n
2+ 1i n t e r e s t i n g  and r e v e a l i n g  com parisons  could be made w i t h  VO (d )
3+ 1and MoO (d ) b o th  o f  w h ich  e x h i b i t  many and a  v a r i e t y  o f  com plexes .
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EXPERIMENTAL DETAILS AND RESULTS
(A) A p p a ra tu s  and P ro ce d u re s
1. E lem en ta l  A nalyses
Carbon and hydrogen  a n a ly s e s  were perfo rm ed  by Mr. R .L . Seab 
o f  t h i s  d ep a r tm en t  u s in g  a carb o n -h y d ro g en  a n a ly z e r  m anufac tu red  by 
Coleman In s t ru m e n ts  C o rp . ,  Maywood, I l l i n o i s .  C h lo r id e  a n a ly s e s  
were done e i t h e r  by th e  a u th o r  o r  by G a l b r a i t h  L a b o r a to r i e s  a t  
K n o x v i l l e ,  T en n essee .  A l l  o th e r  e le m e n ta l  a n a ly s e s  w ere  done by 
G a l b r a i t h  L a b o r a t o r i e s .
C h lo r id e  a n a ly s e s  pe rfo rm ed  in  t h i s  l a b o r a t o r y  were done 
by th e  V olhard  m ethod. I n  o rd e r  t o  o bserve  t h e  e n d p o in t  i n  th e  
V olhard  t i t r a t i o n  t h e  chromium was removed p r i o r  t o  th e  t i t r a t i o n  
by p r e c i p i t a t i n g  i t  a s  PbCrO^ and f i l t e r i n g  t h e  p r e c i p i t a t e  from  a 
h o t  s o lu t io n *  The s t a n d a r d iz e d  s i l v e r  n i t r a t e  was a l s o  added to  t h e  
sample when i t  was h o t  t o  p r e v e n t  th e  c o - p r e c i p i t a t i o n  o f  PbCl^*
2. I n f r a r e d  S p e c tra
I n f r a r e d  s p e c t r a  (4000 -  300 cm *") w ere  re c o rd e d  u s in g  
a  Beckman model IR -1 0 - s p e c t ro p h o to m e te r .  A s ca n  o f  p o ly s ty r e n e  f i l m  
was employed f o r  c a l i b r a t i o n  and th e  wavenumber a c c u ra c y  i s  s p e c i f i e d  
t o  be ±4 cm The s p e c t r a  w ere  ru n  a s  N ujo l m u lls  p re s s e d  betw een 
cesium  i o d i d e  p l a t e s  and i n  some c a s e s  a s  KBr o r  KC1 p e l l e t s .
3 .  E q u iv a le n t  Conductances
The r e s i s t a n c e  o f  s o l u t i o n s  h av ing  a  c o n c e n t r a t i o n  ran g e  
- 3  - 4o f  10 -  10 M w ere  measured i n  a  c o n d u c t i v i t y  c e l l  by means o f  a
27
model RC 16 c o n d u c t i v i t y  b r id g e  m an u fac tu red  by I n d u s t r i a l  I n s t r u m e n ts .  
The s o lv e n t  used was a c e t o n i t r i l e  and m easurem ents  were  made a t  room 
t e m p e r a tu r e .
4 .  M agne tic  S u s c e p t i b i l i t i e s
a * Gouy M ethod; The sample was packed i n t o  a  g l a s s  tu b e  w hich  was 
a b o u t  18 cm lo n g  and had an  o u t s id e  d ia m e te r  o f  5 mm by ta p p in g  th e  
end o f  th e  tu b e  l i g h t l y  on th e  bench . The two ends o f  th e  g l a s s  tu b e  
w ere s e p a r a te d  by a  g l a s s  p a r t i t i o n  i n  th e  m iddle  o f  th e  tu b e  and th e  
low er end was s e a l e d .  The sample tu b e  was suspended su c h  t h a t  one 
h a l f  o f  th e  tu b e  hung below th e  c e n t e r  o f  th e  magnet and one h a l f  
above so a s  to  p a r t i a l l y  . .e l im in a te  any  c o r r e c t i o n  due to  th e  tube  
i t s e l f .  A d r a f t  tu b e  was used  around th e  sample tu b e  t o  e l im in a t e  
any  d i s t u r b a n c e  due t o  a i r  c u r r e n t s .  A therm om eter i n : t h e  b a lan c e  
c a se  a llo w ed  f o r  th e  d e t e r m in a t io n  o f  t e m p e ra tu re .
The b a la n c e  used was an  A in sw o r th  ty p e  BCT w i th  m agnetic
i
dam ping. A model AL7500 e le c t ro m a g n e t  p roduced  by Alpha S c i e n t i f i c  
L a b o r a t o r i e s ,  I n c . ,  B e rk e le y ,  C a l i f o r n i a ,  p ro v id e d  t h e  m agnetic  
f i e l d  f o r  th e  sam p les .  The magnet c o n ta in e d  4 in c h  p o le  caps w i th  
an  a i r  gap o f  a p p ro x im a te ly  1% i n c h e s .  The m ag n e t ic  f i e l d  was 
c o n t r o l l e d  by a  v a r i a b l e  o u tp u t  power su p p ly  w hich  was a d ju s t e d  to  
a  c u r r e n t  o f  8  amps; and i t  p ro v id e d  a  m ag n e t ic  f i e l d  o f  a p p ro x im a te ly  
6000 g a u s s .  The magnet was a i r  c o o led  and hence th e  c u r r e n t  was 
a p p l i e d  i n t e r m i t t a n t l y  t o  p re v e n t  o v e r h e a t in g  and change i n  f i e l d  
s t r e n g t h .
28
b .  RMR M ethod: The NMR s p e c t r a  w ere  r e c o rd e d  on a V a r ia n  A60-A
NMR S p e c tro m e te r .  A s p e c i a l  c o a x ia l  tu b e ,  w h ich  was composed o f 
a  sm a ll  tube  c e n te re d  i n s i d e  a l a r g e r  tu b e ,  was p u rch ased  from Wilmad 
G la ss  Company, Buena, New J e r s e y .  Both  th e  i n n e r  and o u t e r  tu b e s  
a r e  c lo se d  a t  one end and th e  i n n e r  tu b e  i s  c e n t r a l l y  h e ld  by a 
movable g l a s s  s p a c e r .  The p u re  s o l v e n t  w hich  was e i t h e r  a c e t o n i t r i l e  
o r  m ethy lene  c h lo r id e  was p la c e d  i n  th e  i n n e r  tu b e  and th e  s o l u t i o n  
composed o f th e  s o lv e n t  and th e  p a ra m a g n e t ic  s p e c ie s  was p la c e d  i n  
th e  an n u lu s  formed by th e  sm a ll  and l a r g e r  t u b e s .  The s o lv e n t  f o r  
t h e  i n n e r  tu b e  and th e  o u t e r  tube  w ere  i d e n t i c a l  ex ce p t  f o r  th e  
p a ra m a g n e t ic  s p e c i e s .  The s p e c t r a  w ere  re c o rd e d  a t  a  sweep o f  
50 cps i n  o r d e r  t o  s u f f i c i e n t l y  sp read  o u t  t h e  s o lv e n t  peak  i n  th e  
d ia m a g n e t ic  s o l v e n t  from  th e  s o lv e n t  peak  i n  th e  p a ra m ag n e t ic  
s o l u t i o n .  The c o n c e n t r a t i o n  o f  th e  p a ra m a g n e t ic  s o l u t i o n  was 
o r d i n a r i l y  a b o u t  20 mgs. o f  s o l u t e  i n  5 m l, o f  s o l u t i o n .
5 . O p t i c a l  S p e c t ra
The o p t i c a l  s p e c t r a  were re c o rd e d  by means o f  a  Cary 14
S p e c tro p h o to m e te r .  S o lu t io n  s p e c t r a  were  r e c o rd e d  by use  o f  a  s e t
o f  one cm m atched q u a r t z  c e l l s .  F iv e  cm matched q u a r tz  c e l l s  were 
used when : the  s o l u b i l i t y  p a s  v e r y  low. A b a se  l i n e  o f  s o lv e n t  
v s  s o lv e n t  was ru n  i n  a l l  c a s e s  i n  o r d e r  t o  e l im in a t e  any s p u r io u s  
bands due t o  th e  s o l v e n t .  Reagent g ra d e  s o lv e n t s  w ^re used  w i th o u t  
any f u r t h e r  p u r i f i c a t i o n .
S o l id  s t a t e  s p e c t r a  were  ru n  i n  KBr p e l l e t ,  KC1 p e l l e t ,  and
i n  N u jo l m u l l s .  P e l l e t s  w ere  p re p a re d  i n  a  d ry  bag u n d e r  an a rgon
I
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atm osphere  by means o f  a M in i -P r e s s  p u rch ased  from  W ilks S c i e n t i f i c  
C o rp o ra t io n .  The p e l l e t  was th e n  p la ce d  i n t o  th e  c e l l  compartment 
o f  th e  Cary 14 S p e c tro p h o to m e te r  w hich was f l u s h e d  w i th  d ry  n i t r o g e n  
b e f o r e  and d u r in g  th e  r u n . .  P e l l e t s  were a l s o  p re p a re d  i n  th e  
c o n v e n t io n a l  manner w i th  a  h y d r a u l i c  p r e s s .
N u jo l  m u lls  were p re p a red  i n  a d ry  bag  when n e c e s s a r y  w i th  
t h e  sample b e in g  smeared on f i l t e r  p ap er  w h ich  i n  t u r n  was ta p e d  to  
a  h o ld e r .  The s p e c t r a  w ere  r e c o rd e d  w h i le  th e  sample was under  a dry
i
n i t r o g e n  a tm o sp h ere .
Low te m p e ra tu re  s p e c t r a  were  re c o rd e d  o f N ujo l m u lls  
smeared on f i l t e r  p a p e r .  The sample was ta p e d  on to  a  b r a s s  h o ld e r  
w hich  f i t  i n t o  an  o p t i c a l  dewar f l a s k  w i th  w a l l s  o f  q u a r t z .  The 
sam ples  were o r i g i n a l l y  p la c e d  b e n e a th  th e  s u r f a c e  o f  th e  l i q u i d  
n i t r o g e n .  A f t e r  s u f f i c i e n t  t im e  had e la p s e d  f o r  te m p e ra tu re  
e q u i l i b r i u m  t o  o c c u r  th e  l i q u i d  n i t r o g e n  was poured  o f f  so  t h a t  
th e  l e v e l  was j u s t  be low ^the  l i g h t  p a th .  I n  t h i s  manner i n t e r f e r e n c e  
was p re v e n te d  from  th e  b u b b l in g  o f  t h e  l i q u i d  n i t r o g e n  and b e t t e r  
r e s o l u t i o n  was o b ta in e d .  A b a s e l i n e  o f  N u jo l v s  N u jo l  on f i l t e r  
p a p e r  was a l s o  ru n  t o  e l i m i n a t e  any bands due t o  th e  N u jo l o r  to  
i m p u r i t i e s  p r e s e n t  i n  N u jo l .
A d i f f u s e  r e f l e c t a n c e  sp ec tru m  was o b se rv ed  f o r  one compound 
by  means o f  a  p o in t  by p o in t  p l o t  o f  th e  o p t i c a l  d e n s i t y  w h ich  was 
re c o rd e d  on a Beckman DU s i n g l e  beam s p e c t ro p h o to m e te r .  Magnesium 
c a rb o n a te  was used  a s  a r e f e r e n c e .
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6 . E l e c t r o n  P a ra m a g n e t ic  Resonance S p e c t r a
The ESR s p e c t r a  o f  a l l  th e  sam ples  w ere  r e c o rd e d  u s in g  a  
model JES-3BX, X band s p e c t r o m e te r  p ro d u ced  by th e  J a p a n  E l e c t r o n  
O p t ic s  L a b o ra to ry  C o . ,  L t d . ,  Tokyo, J a p a n .  A l l  s p e c t r a  w ere  r e c o rd e d  
a t  am b ien t  t e m p e r a tu r e  a s  t h e  f i r s t  d e r i v a t i v e  on an  xy r e c o r d e r  
m an u fa c tu red  by th e  Rilcen D ensh i C o . ,  L t d . ,  Tokyo, J a p a n ,  model 
XY-D5N. The m a g n e t ic  f i e l d  a p p l i e d  t o  t h e  sam ple was m easured  by 
means o f  a  g a u s s m e te r .
(B) P r e p a r a t i o n  o f  Compounds
The r e a g e n t s  used  i n  th e  p r e p a r a t i o n  o f . t h e s e  compounds 
w ere  o f  r e a g e n t  g ra d e  and w ere  p u rc h a se d  from  a v a i l a b l e  com m ercial 
s o u r c e s .  These r e a g e n t s  w ere  used  w i th o u t  f u r t h e r  p u r i f i c a t i o n .
1 . C hloro-C om plexes
The c h io ro -c o m p le x e s  w ere  p re p a re d  by th e  method o f  
1
W einland  and E i e d e r e r  . I n  t h i s  p ro c e d u re  CrO^ was d i s s o l v e d  i n
a s o l u t i o n  o f  g l a c i a l  a c e t i c  a c i d  t h a t  was s a t u r a t e d  w i t h  hydrogen
c h l o r i d e  to  r e d u c e  C r(V I) t o  C r (V ) .  A c co rd in g  t o  t h e  s p e c t r o p h o to m e t r i c
9
s t u d i e s  o f  K rau ss  and M u en s te r  t h e  r e d u c t i o n  may ta k e  p la c e  by th e  
f o l lo w in g  s t e p s :
CrO3 + 2HC1 * Cr02C l2 + H20
Cr0 2C l2 + 31101 HCrOCl4  + H20 + %C12
HCrOCl, + HC1 4 » H2CrOCl5
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In  a  second s o l u t i o n  o f  g l a c i a l  a c e t i c  a c id  s a t u r a t e d  w i th  hydrogen  
c h l o r i d e ,  th e  c h l o r i d e  s a l t  o f  t h e  a p p r o p r i a t e  c a t i o n  was d i s s o l v e d .  
These two s o l u t i o n s  were poured  to g e t h e r  and p r e c i p i t a t i o n  of th e  
ch lo ro -co m p lex  o f  th e  oxochromium(V) s p e c ie s  o c c u r re d .  Some o f th e  
p r e c i p i t a t e s  formed im m ed ia te ly  w h i le  o t h e r s  formed s lo w ly .  However, 
com ple te  p r e c i p i t a t i o n  seemed t o  o ccu r  i n  a t  l e a s t  one h o u r .  The
p r e c i p i t a t e  was t h e n  vacuum f i l t e r e d ,  washed w i th  g l a c i a l  a c e t i c
I (
a c i d  under  an  i n e r t  a tm osphere  ( n i t r o g e n  o r  a r g o n ) ,  and d r i e d  under
vacuum f o r  a p p ro x im a te ly  48 h o u r s .  Some o f  th e  p re p a re d  complexes
were t h e n  r e c r y s t a l l i z e d  from a p p r o p r i a t e  s o lv e n t s  to  e f f e c t  f u r t h e r
p u r i f i c a t i o n .  The Itt^CrOCl^ and Cs^GrOCl^ were p re p a re d  p r e v io u s ly
2by W einland and F i e d e r e r  ; Me^NCrOCl^ was p r e v io u s ly  r e p o r te d  by 
33Kon b u t  th e  re m a in in g  complexes had n o t  been  p re p a re d  p r i o r  t o  
t h i s  w ork .
a .  Kb„CrOCl^., Rubidium oxopentachlorochrom ateC V ) : S in ce  RbCl i s
n o t  v e r y  s o lu b le  i n  a c e t i c  a c id  t h i s  compound canno t be p re p a re d  
c o n v e n ie n t ly  i n  a  v e ry  l a r g e  y i e l d .  I t  i s  n o t  s o lu b le  i n  any o f  th e  
common o r g a n ic  s o l v e n t s  and d e co m p o s i t io n  a p p e a rs  t o  o c cu r  i n  such 
s o l v e n t s  a s  d im e th y ls u l f o x id e  and d im ethy lfo rm am ide . Upon h e a t i n g ,  
t h i s  complex changes  from  a deep red  to  a l i g h t e r  red  c o l o r  a t  
a p p ro x im a te ly  200°C b u t  no f u r t h e r  changes ta k e  p la c e  below 260°C. 
D ecom posit ion  t a k e s  p la c e  v e ry  s lo w ly  a t  room te m p e r a tu r e ,  even  w h i le  
s t o r i n g  under a rg o n .  No change i n  c o lo r  was o bserved  d u r in g  t h i s  
p e r io d  o f  t im e .  The d e co m p o s i t io n  cou ld  r e s u l t  from  d i s p r o p o r t i o n a t i o n
o f  t h e  Cr(V) t o  Cr(VX) and Cr(XXX) o r  p o s s i b l y  by an o x i d a t i o n -  
r e d u c t i o n  r e a c t i o n  o c c u r r in g  betw een  t h e  Cr(V) and th e  c h l o r i d e  
c o o r d in a te d  t o  t h e  chromium, r e s u l t i n g  i n  th e  f o r m a t io n  o f  a 
C r ( I I I )  s p e c i e s  and e le m e n ta l  c h l o r i n e  a l th o u g h  no c h l o r i n e  odor 
co u ld  be d e t e c t e d .  The m a g n e t ic  s u s c e p t i b i l i t y  i n c r e a s e d  f rom .
1 .9 2  t o  2 .7 4  B.M. o v e r  a  p e r i o d  o f  a p p ro x im a te ly  f o u r  m onths .
C a l c u l a t e d  f o r  Rb2CrOCl5 : %C1 4 2 .6 0 ;  Found; 70C1 4 2 .8 2
b .  C s„C rO C l„  Cesium O x o p e n ta c h lo ro c h ro m a te ( \0 ; The s t a b i l i t y  o f  
t h i s  complex a p p e a r s  t o  be g r e a t e r  t h a n  t h a t  f o r  t h e  c o r r e s p o n d in g  
ru b id iu m  com plex . However, p r e c a u t i o n s  need t o  be ta k e n  to  a v o id  
t h e  p r e s e n c e  o f  m o is tu r e  and oxygen f o r  ex ten d e d  p e r i o d s  o f  t im e .
The ces ium  complex i s  i n s o l u b l e  i n  a l l  common n o n - p o la r  s o l v e n t s ,  
o n ly  s l i g h t l y  s o l u b l e  i n  s o l v e n t s  such  a s  a c e t o n i t r i l e ,  n i t r o m e th a n e ,  
and q u i t e  s o l u b l e  i n  d im e th y lfo rm am id e  and  d im e th y l s u l f o x id e  w i th  
d e c o m p o s i t io n  t a k i n g  p l a c e  i n  a  s h o r t  t im e  a s  t h e  c o l o r  changes  
from  y e l lo w - r e d  t o  g re e n .  Upon h e a t i n g  i t  a p p e a r s  t o  change from
a  w ine  re d  to  a  l i g h t e r  r e d  a t  a p p ro x im a te ly  190°C and no f u r t h e r
I
changes  o c c u r  up t o  260 C.
C a l c u la t e d  f o r  CSgCrOCl^; %C1 34J70; Found: %C1 3 3 .3 6 .
c . Me^NCrOCl^. Tetram ethylam m onium  O x o te t r a c h lo r o c h r o m a te ( V ) ; When1 
exposed  to  t h e  a tm o sp h ere  t h i s  compound r a p i d l y  changed from  a d a rk  
r e d  t o  an  o ran g e  y e l lo w  w i th  h y d r o l y s i s  a p p a r e n t l y  t a k i n g  p l a c e .  
A t te m p ts  t o  p u r i f y  th e  p r o d u c t  i n  th e  o r i g i n a l  p r e p a r a t i o n  by
33
r e c r y s t a l l i z a t i o n  from  a c e t o n i t r i l e  r e s u l t e d  i n  t h e  fo r m a t io n  o f  a
v i o l e t  p r e c i p i t a t e .  The compound w hich  r e s u l t e d  was a  C r ( I I I )  s p e c i e s
/
w i t h  a  p r o b a b le  fo rm u la  o f  (Me^N^CrCh^C^Cl,.. R e c r y s t a l l i z a t i o n  from 
m e th y len e  c h l o r i d e  d id  n o t  r e s u l t  i n  t h e  f o r m a t io n  o f  a C r ( l I I )  
complex and a s l i g h t  im provem ent was e f f e c t e d  i n  t h e  e l e m e n ta l  
a n a l y s i s ,  b u t  t h e  c h l o r i d e  a n a l y s i s  was s t i l l  n o t  a t  an a c c e p t a b l e  
v a l u e ,  a s  i n d i c a t e d  be low . P o s s i b l y  a n o t h e r  r e c r y s t a l l i z a t i o n  would 
h av e  improved th e  c h l o r i d e  a n a l y s i s  t o  an  a c c e p t a b l e  l e v e l .
45S o l u t i o n s  o f  CrO^ i n  6MHC1 r e a d i l y  form  p r e c i p i t a t e s
w i t h  l a r g e  alkylammonium i o n s ,  i n d i c a t i n g  CrO^Cl s a l t s  may g e n e r a l l y
be p re p a re d  by t h i s  s im p le  p r e c i p i t a t i o n  t e c h n i q u e .  The i n f r a r e d
- 1
sp e c tru m  shows a band a t  910 cm (medium) w hich  was a s s ig n e d  a s  th e
46C r -0  sym m etric  s t r e t c h  by Tuck and F a i t h f u l  . The i n f r a r e d  s p ec tru m  
o f  t h e  p r e c i p i t a t e  o b ta in e d  i n  t h e  p r e p a r a t i o n  o f  Me^NCrOCl^ showed 
a weak band a t  910 cm ^ p o s s i b l y  i n d i c a t i n g  t h a t  some o f  p r e c i p i t a t e  
may have been  Me^NCrO^Cl w h ich  cou ld  a c c o u n t  f o r  t h e  s l i g h t l y  h ig h  
c a rb o n -h y d ro g e n  a n a l y s i s  and a l s o  th e  low c h l o r i d e  a n a l y s i s .  No 
change a p p e a rs  t o  ta k e  p l a c e  i n  t h i s  compound upon h e a t i n g  t o  260°C.
C a lc u la te d  f o r  M e ^ C rO C l^  %C 1 6 .9 2 ;  7.H 4 .2 6 ;  7.N 4 .9 3 ;
7.C1 4 9 .9 3 ;  Found 7„C 1 7 .5 7 ;  %H 5 .2 4 ;  %N 4 .0 9 ;  7.C1 4 4 .4 2 .
45 H a ig h t ,  G .P . ,  R ic h a rd s o n ,  D .C . ,  and Coburn , N .H .,  In o r g .  
C hem .. 1777 (1 9 6 4 ) .
46I u c k ,  D .G ., and F a i t h f u l ,  B .D . ,  J .  Chem. S o c . . 5753 (1 9 6 5 ) .
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d , Et^NCrOCl^. Tetraethylam m onium  O xote trach lo rochrom ateC V ) : A 
c r y s t a l l i n e  red  p r e c i p i t a t e  o f  t h i s  compound was o b ta in e d  i n  r a t h e r  
p u re  fo rm . R e c r y s t a l l i z a t i o n  o f  t h i s  compound from  a c e t o n i t r i l e  d id  
n o t  r e s u l t  i n  th e  fo r m a t io n  o f  a  C r ( I I I )  s p e c i e s ,  c o n t r a r y  to  th e  
r e s u l t  w i th  Me^NCrOCl^. I t  a p p e a r s  much more s t a b l e  to  a tm o sp h e r ic  
c o n d i t io n s  th a n  th e  tetramethylammomium complex. I t  a l s o  changes 
c o lo r  b u t  o v e r  a  much lo n g e r  p e r io d  o f  t im e .  I t  i s  q u i t e  s o lu b le
i n  most p o l a r  s o lv e n t s  such  a s  a c e t o n i t r i l e ,  n i t r o m e th a n e ,  e t c . ,
s l i g h t l y  s o lu b le  i n  CH^C^ b u t  i n s o l u b l e  i n  n o n -p o la r  s o l v e n t s .
D ecom posit ion  o f  t h i s  complex t a k e s  p la c e  a t  150°C.
C a lc u la te d  f o r  E t .N C rO C l,: %C 2 8 .2 3 ;  %H 5 .9 3 ;  %N 4 .1 3 ;4 4
%C1 4 1 .6 9 ;  Found: %C 2 8 .7 8 ;  %H 6 .3 0 ;  4 .0 1 ;  %C1 4 0 .0 9 .
e .  Pr^N CrO Cl^ Tetrapropylam m onium  O x o te t ra c h lo ro c h ro m a te (V ) : The 
p r e p a r a t i o n  of t h i s  compound r e s u l t s  i n  :the im m ediate  fo r m a t io n
o f  a y e l lo w -g o ld  p r e c i p i t a t e .  T h is  compound i s  l i g h t  s e n s i t i v e  w hich
c au ses  i t  t o  s lo w ly  t u r n  from  th e  y e l lo w -g o ld  t o  a l i g h t  g re e n .  This
i
ty p e  o f  d e co m p o s i t io n  does n o t  t a k e  p la c e  when th e  compound i s  s to r e d
'l
i n  a d a rk  p l a c e ,  b u t  i t  does  s lo w ly  h y d ro ly z e  i n  th e  a tm osphere  
t u r n i n g  to  a b r i g h t  y e llow  c o l o r .  I t  i s  q u i t e  s o lu b le  i n  n i t ro m e th a n e  
and a c e to n e ,  s l i g h t l y  s o lu b le  i n  a c e t o n i t r i l e ,  t e t r a h y d r o f u r a n ,  and 
m ethy lene  c h l o r i d e ,  b u t  i n s o l u b l e  i n  n o n -p o la r  s o l v e n t s .  D ecom position  
o f  t h i s  compound t a k e s  p la c e  a t  158°C.
C a lc u la te d  f o r  P r 4NCrOCl4 : %C 3 6 .3 9 ;  %& 7 .1 2 ;  %N 3 .5 4 ;
%G1 3 5 .7 9 ;  Found: %C 3 6 .1 7 ;  %H 7 .3 0 ;  7£N 3 .7 6 ;  7.C1 3 4 .3 0 .
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f . (C^Ih-^A sC rO C l^ . T e tra p h e n y la r so n iu m  O x o te tra ch lo ro ch ro m a te (V ,) :
T h is  compound p r e c i p i a t e d  v e ry  s lo w ly  from  th e  a c e t i c  a c id  s o l u t i o n
i n  a brow n-red  c r y s t a l l i n e  fo rm . To improve th e  p u r i t y  o f  th e  
/
compound i t  was n e c e s s a ry  t o  r e c r y s t a l l i z e  th e  p ro d u c t  from  m ethy lene  
c h l o r i d e .  I t  i s  h ig h ly  s o lu b le  i n  most p o l a r  s o lv e n t s  and i n s o lu b l e  
i n  such  n o n - p o la r  s o lv e n t s  a s  benzene , c a rb o n  t e t r a c h l o r i d e ,  e t c .  
Compared to  t h e  o th e r  chromium(V) c h lo ro  complexes th e  r a t e  o f  
d eco m p o s i t io n  i n  th e  a tm osphere  a p p e a rs  to  be t h e  s lo w e s t .  A f te r  
s i t t i n g  i n  th e  a tm osphere  f o r  a p p ro x im a te ly  18 h o u rs  t h e r e  was l i t t l e  
change i n  c o l o r  b u t  th e  i n f r a r e d  d a t a  i n d i c a t e d  t h a t  some d eco m p o s it io n  
had ta k e n  p l a c e .  The compound decomposes when h e a te d  t o  a p p ro x im a te ly  
190°C.
C a lc u la te d  f o r  (CcHc) .A sC rO C l, : %C 4 8 .6 0 ;  7.H 3 .4 0 ;O J H- 4
%As 1 2 .6 3 ;  7.C1 2 3 .9 1 ;  Found: 7.C 4 8 .3 6 ;  %H 3 .4 4 ;  %As 1 3 .3 4 ;
7.C1 2 3 .8 7 .
g .  Bu^FCrOCl^. T e tra b u ty lp h o sp h o n iu m  O x o te t ra c h lo ro c h ro m a te (V ) :
A re d  c r y s t a l l i n e  p r e c i p i t a t e  formed i n  th e  p r e p a r a t i o n  o f  t h i s  
compound v e r y  s i m i l a r  i n  a p p ea ran ce  t o  Et^NCrOCl^. No r e c r y s t a l l ­
i z a t i o n  was n e c e s s a r y  s in c e  th e  e le m e n ta l  a n a l y s i s  o f  th e  o r i g i n a l  
p r e c i p i t a t e  was v e ry  good. T h is  compound decomposes i n  th e  a tm osphere  
chang ing  from  a  r e d  to  y e llo w  c o lo r  a f t e r  s i t t i n g  f o r  a p p ro x im a te ly  
f o u r  h o u r s .  D ecom posit ion  does n o t  a p p ea r  t o  ta k e  p la c e  w h i le  th e  
sample i s  s t o r e d  i n  a d e s s i c a t o r .  T h i s , p a r t i c u l a r  s p e c ie s  d i s s o l v e s  
q u i t e  r e a d i l y  i n  p o l a r  s o l v e n t s  in c lu d in g  c h lo ro fo rm  and m ethy lene
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c h lo r id e  and i s  a l s o  s l i g h t l y  s o lu b le  i n  b en zen e . T h is  compound 
decomposes a t  a p p ro x im a te ly  110°C.
C a lc u la te d  f o r  Bu4PCrOCl4 : %C 4 0 .9 6 ;  7 .7 4 ;  7JP 6 .8 2 ;
70C1 3 0 .2 2 ;  Pound: %G 4 0 .6 1 ;  7 .9 6 ;  7J? 6 .7 9 ;  7.C1 3 0 .9 7 .
h .  (C^HXH„) (C^ I O  jPCrOCl4 . B en zy ltr ip h en y lp h o sp h o n iu m  O x o te t ra -  
c h lo ro c h ro m a te (V ) : P r e c i p i t a t i o n  o f  t h i s  p ro d u c t  d id  n o t  o ccu r
im m ed ia te ly ,  b u t  a f t e r  th e  r e a c t i o n  s o l u t i o n  s a t  f o r  a  s h o r t  t im e  a 
brown p r e c i p i t a t e  began t o  fo rm . A ttem p ts  to  p u r i f y  th e  p ro d u c t  
by r e c r y s t a l l i z a t i o n  from m e thy lene  c h l o r i d e  were n o t  s u c c e s s f u l .
The a n a l y s i s  from  th e  p ro d u c t  o b ta in e d  from  r e c r y s t a l l i z a t i o n  was 
i n  p o o re r  ag reem ent w i th  t h e  c a l c u l a t e d  v a l u e s  th a n  was th e  o r i g i n a l  
p r o d u c t .  The h ig h  ca rb o n -h y d ro g en  a n a l y s i s  and low c h lo r id e  a n a l y s i s  
i s  i n d i c a t i v e  o f  th e  p re s e n c e  o f  a sm a l l  amount o f  (C^H CH_)(C,Hc)„PCrO„Cl.
O D Z O ^  J  J
D ecom position  o f  the  compound ta k e s  p l a c e  a f t e r  i t  i s  exposed to  th e
a tm osphere  f o r  abou t fo u r  h o u r s .  I t  i s  s o lu b le  in  most p o la r  s o lv e n t s
in c lu d in g  c h lo ro fo rm  and m e thy lene  c h l o r i d e ,  and i s  s l i g h t l y  s o lu b le
i n  benzene . T h is  compound i s  th e  o n ly  one o f  th e  c h lo r o  complexes
t h a t  m e lts  b e f o r e  i t  decom poses. I t s  m e l t in g  p o in t  o c cu rs  a t
128 - 130°C and i t  ap p ea rs  t o  decompose a t  a p p ro x im a te ly  135°C.
C a lc u la te d  f o r  (C ,H cCH„) (CcH_) _PCrOCl, : 7.C 5 3 .3 0 ;  %H 3 .9 1 ;
b o z b 5 J 4
%P 5 .6 8 ;  7.C1 2 5 .1 6 ;  Found: 7.C 5 4 .3 3 ;  %H 4 .2 0 ;  %P 5 .7 9 ;  7.C1 23 .0 5 .
A ttem p ts  were made to  reduce  th e  CrO^ to  Cr(V) by ad d in g  
a minimum amount o f  HC1 ( j u s t  enough t o  re d u c e  th e  CrO^) to  a  s o l u t i o n  
c o n ta in in g  CrO^, 487. HP, and HOAc w i th  t h e  thought t h a t  i f  t h e r e  was
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n o t  such  a h ig h  c o n c e n t r a t i o n  o f  c h lo r id e  i o n  a v a i l a b l e  th e  f l u o r i d e  
io n  would have a b e t t e r  chance  o f  c o o r d in a t in g  to  th e  C r. T h i s ,  
however, was no t s u c c e s s f u l  due t o  th e  f a c t  t h a t  i t  t a k e s  a f a i r l y  
h ig h  c o n c e n t r a t i o n  o f  HCl f o r  th e  r e d u c t i o n  o f  CrO^ t o  ta k e  p l a c e .
S u l f u r  d io x id e  was t r i e d  a s  a re d u c in g  a g e n t  f o r  CrO^ 
b u t  th e  CrO^ was reduced  a l l  t h e  way down t o  C r ( I I I )  a s  was i n d i c a t e d  
by th e  change i n  c o l o r  o f  th e  CrO^ -  HOAc s o l u t i o n  from  red  t o  g re e n  
a s  SO2 was s lo w ly  bubbled  i n t o  th e  s o l u t i o n .
T ab le  IV l i s t s  th e  c o lo r  and d e co m p o s i t io n  te m p e ra tu re  o f  
th e  oxochlorochroraium(V) compounds p re p a re d  i n  t h i s  w ork .
2 . P r e p a r a t i o n  o f  a  F lu o ro  Complex
O ther  th a n  by th e  d i r e c t  f l u o r i n a t i o n  o f  p o ta s s iu m  d ic h ro m a te  
w i th  a h a lo g en  f l u o r i d e  no f lu o r o  complexes have been  p r e v io u s ly  
i s o l a t e d ,  a l th o u g h  numerous ESR s p e c t r a l  m easurem ents have been  
r e p o r t e d  o f  what were, assumed t o  be f l u o r o  oxochromium(V) s p e c ie s  
i n  s o l u t i o n .
Numerous a t t e m p ts  were made d u r in g  th e  c o u rse  o f  t h i s  
s tu d y  t o  p re p a re  a f l u o r o  complex. A s i m i l a r  p ro ce d u re  t o  t h a t  
used f o r  th e  c h lo ro  complex was t r i e d  w i th  th e  m o d i f i c a t i o n  of 
ad d in g  48% HF to  th e  a c e t i c  a c id  s o l u t i o n  and u s in g  th e  f l u o r i d e  
s a l t  o f  th e  d e s i r e d  c a t i o n  r a t h e r  th a n  th e  c h lo r id e  s a l t .  However, 
w i th  th e  a c e t i c  a c id  s o l u t i o n  s a t u r a t e d  w i th  HCl t h i s  a lw ays r e s u l t e d  
i n  th e  fo rm a t io n  o f a c h lo ro  complex. W ithou t u s in g  HCl i n  th e  a c e t i c  
a c id  s o l u t i o n  th e  chromium was n o t  red u ced  t o  Cr(V) and th e  p ro d u c t
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TABLE IV
COLOR AND DECOMPOSITION TEMPERATURES OF OXOCHROMIUM(V) COMPLEXES
Compound C olor D eco m p o sit io n  Temp.
Rb2CrOCl5 . d a rk  ' r e d >260°C
C s^ rO C l^ da rk : .red >260°C
Me^NCrOCl^ red >260°C
Et^NCrOCl4 re d 150° C
( P r ) 4NCrOCl4 go ld 158° C
Bu.PCrOCl. 4 4 red 110°C
(C6H5) 4AsCrOCl4 
(C6H5CH2) ( C 6H5) 3?CrOCl4
red  
d a rk  brown
190°C
128-130°C(a )
3 OM e lt in g  p o i n t  ( i t  decomposes a t  135 C ) .
I
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form ed was C r03F w hich  p r e c i p i t a t e d  w i t h  a  l a r g e  c a t i o n .
A method t h a t  was u sed  w i th  some s u c c e s s  f o r  t h e  p r e p a r a t i o n  
o f  t h e  f l u o r o  complex was a s  f o l l o w s .  A p p ro x im a te ly  0 . 3  grams o f  
E t4NCrOCl4 was d i s s o l v e d  i n  a b o u t  15 m l.  o f  m e th y le n e  c h l o r i d e  u n d e r  
an  a rg o n  a tm o s p h e re .  To t h i s  s o l u t i o n  an  HF s o l u t i o n  c o n t a i n i n g  
s i l v e r  f l u o r i d e  was a d d e d .  A r e d  p r e c i p i t a t e  formed and a f t e r  
s t i r r i n g  f o r  2 to  5 m in u te s  t h e  r e d  m e th y le n e  c h l o r i d e  s o l u t i o n  
t u r n e d  y e l lo w .  The y e l lo w  s o l u t i o n  was d e c a n te d  o f f  i n t o  a c l e a n  
f l a s k  u n d e r  a rg o n  and th e  s o l v e n t  was e v a p o r a te d  o f f .  As th e  
e v a p o r a t i n g  p r o c e s s  to o k  p l a c e  a  s m a l l  amount o f  g re e n  s o l i d  m a t e r i a l  
form ed on t h e  s i d e  o f  t h e  f l a s k  and a g a in  t h e  s o l u t i o n  was poured  
o f f  i n t o  a  c l e a n  c o n t a i n e r  u n d e r  an  a rg o n  a tm o sp h e re .  A f t e r  co m p le te  
e v a p o r a t i o n  a  y e l lo w  p r e c i p i t a t e  was l e f t  w hich  was v e r y  m o is tu r e  
s e n s i t i v e .  The HF s o l u t i o n  o f  AgF was p r e p a r e d  by  d i s s o l v i n g  th e  
Ag2C03 o b ta in e d  from  5 grams o f  AgN03 and e x c e s s  Na2C03 i n  48$ HF.
The HF s o l u t i o n  was e v a p o r a te d  down i n  a  w a te r  b a t h  u n t i l  t h e  AgF 
b eg an  p r e c i p i t a t i n g .  A t t h i s  p o i n t  i t  was added t o  t h e  m e th y le n e  
c h l o r i d e  s o l u t i o n  c o n t a i n i n g  t h e  E ^N C rO C lj..
A t te m p ts  to  o b t a i n  a  r e p r o d u c i b l e  f l u o r i n e  a n a l y s i s  on t h i s  
compound w ere  u n s u c c e s s f u l .  T h ree  d i f f e r e n t  sam ples  w ere  s u b m it te d  t o  
a  com m ercia l l a b o r a t o r y  f o r  a  f l u o r i n e  a n a l y s i s  and th e  t h r e e  v a lu e s  
r e p o r t e d  w ere  1 4 .6 4 $ ,  2 8 . 7 1 $  and 38 .75$*  The c a l c u l a t e d  v a lu e  i s  
2 2 .4 0 $ .  On t h e  t h r e e  sam p les  s u b m it te d  f o r  a n a l y s i s  th e  c a rb o n ,  
h y d ro g en  and n i t r o g e n  a n a l y s i s  w ere  v e r y  s i m i l a r .
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C a l c u la t e d  f o r  ( E t 4 N)2CrOF5 : %C 4 5 .4 0 ;  %H 9 .5 2 ;  %N 6 .6 0 ;
Found: %C 4 6 ,3 7 ;  %H 1 0 .8 4 ;  %N 6 .1 5 .
3 . P r e p a r a t i o n  o f  Et^NMoOCl^, T e trae thy lam m onium  O x o te t r a c h lo r o -  
m olybdate(V )
Two ty p e s  o f  o x o c h lo ro m o ly b d a te s (V ) , EMoOCl^ and R^MoOCl^,
47have  been  r e p o r t e d  i n  t h e  l i t e r a t u r e .  P io v e s a n a  and F u r l a n i  r e c e n t l y
r e p o r t e d  t h a t  th e  p a r t i c u l a r  s p e c i e s  one g e t s  i s  d ep en d en t  on th e  s i z e
o f  t h e  c a t i o n .  S in ce  t h e  te t ra e th y lam m o n iu m  s a l t  o f  th e  c h lo r o
oxomolybdenum(V) s p e c i e s  was p r e p a r e d  and used  a s  a s t a r t i n g  m a t e r i a l  
48by Pence  i n  p r e p a r i n g  6 -d i lc e to n e  d e r i v a t i v e s  o f  oxomolybdenum(V) 
com plexes i t  seemed d e s i r a b l e  t o  d e te rm in e  w h e th e r  t h i s  s t a r t i n g  
m a t e r i a l  was (E t^ N )2MoOCl^ a s  r e p o r t e d  o r  Et^NMoOCl^ a n a lo g o u s  to  
Et^NCrOCl^.
MoO(OH) 2 was u sed  a s  a s o u r c e  o f  Mo(V). T h is  was p re p a re d
49 50by th e  method o f  B ishop . The p ro c e d u re  m en tioned  by P a lm er  f o r
th e  s y n t h e s i s  o f  (NH^ ) 2MoOC1 ^ was a d o p te d  f o r  t h e  p r e p a r a t i o n  o f
t h e  oxochloromolybdenum(V) s p e c i e s  by s u b s t i t u t i n g  th e  a p p r o p r i a t e
number o f  m oles o f  tetram ethylam m om ium  c h l o r i d e  i n  p la c e  o f  (NH^^CO^.
A g re e n  c r y s t a l l i n e  m a t e r i a l  w h ich  p r e c i p i t a t e d  was washed and d r i e d
47P io v e s a n a ,  0 . ,  and F u r l a n i ,  C . ,  I n o r g .  N uc l.  Chem. L e t . .
_3, 535 (1 9 6 7 ) .
48P e n c e ,  H .E . ,  Ph .D . D i s s e r t a t i o n ,  L o u i s ia n a  S t a t e  U n i v e r s i t y ,  
B a to n  Rouge, L o u i s i a n a ,  1968.
49 B ish o p ,  A .D .,  M.S. T h e s i s ,  L o u i s ia n a  S t a t e  U n i v e r s i t y ,
B a to n  Rouge, L o u i s i a n a ,  1962.
^ P a l m e r ,  W .G., " E x p e r im e n ta l  I n o r g a n ic  C h e m is t ry " ,
Cam bridge U n i v e r s i t y  P r e s s ,  C am bridge , E n g lan d , 1954.
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under vacuum. The e le m e n ta l  a n a l y s i s  i n d i c a t e d  th e  compound was
Et.NMoOCl,.4 4
C a lc u la te d  f o r  E t4 NMoOCl4 : 7X 2 5 .0 2 ;  7oH 5 .2 6 ;  7°N 3 .6 5 ;
7X1 3 6 .9 2 ;  Found: 7X 2 4 .8 8 ;  %H 5 . 2 2 ; ' 7.N 3 .4 3 ;  7X1 3 4 .6 2 .
4 .  A ttem p ts  to  P r e p a re  a Bromo Complex
In  an a t te m p t  t o  p re p a re  a  s p e c ie s  c o n ta in in g  a CrOBr^
2 -o r  CrOBr,. a n io n ,  a method s i m i l a r  to  t h a t  used f o r  th e  c h lo ro  
complexes was t r i e d .  F o r ty  m i l l i l i t e r s  o f  a c e t i c  a c id  was s a t u r a t e d  
w i th  HBr and one gram o f  CrO^ (0 .0 1  m oles) was d i s s o lv e d  i n  t h i s  
s o l u t i o n .  To a n o th e r  s o l u t i o n  o f  a c e t i c  a c id  s a t u r a t e d  w i th  HBr
2 .5  grams (0 .0 1 2  m oles) o f  Et^NBr was ad d ed . When th e  two s o l u t i o n s  
were poured  t o g e t h e r  a d a rk  g re e n  s o l u t i o n  r e s u l t e d .  When t h i s  
s o l u t i o n  was coo led  i n  an  i c e  b a th  o range  c r y s t a l s  form ed.
E lem en ta l  a n a l y s i s  o f  t h i s  p r e c i p i t a t e  i n d i c a t e d  t h a t  th e  p ro d u c t  
was a t r i b r o m id e  o f  th e  fo rm u la ,  Et^NBr^. Care must be t a k e n  when 
HBr i s  bubbled  i n t o  t h e  a c e t i c  a c id  t h a t  an e x ce ss  o f  m o is tu re  does 
n o t  condense i n t o  th e  s o l u t i o n .  T h is  a p p e a rs  t o  p re v e n t  th e  orange 
c r y s t a l l i n e  p ro d u c t  from p r e c i p i t a t i n g . .  The p re s e n c e  o f  w a te r  
i n  a s o l u t i o n  c o n ta in in g  a t r i b r o m id e  l e a d s  to  th e  e q u i l ib r iu m  
r e a c t i o n ,  + Br ^  Br^, w i th  th e  e q u i l i b r iu m  c o n s t a n t  b e in g
1 7 . 4 . ^  The s t a b i l i t y  o f  a t r i b r o m id e  s a l t  i n c r e a s e s  w i th  i n c r e a s i n g  
c a t i o n i c  s i z e .  In  t h i s  p r e p a r a t i o n  th e  t r i b r o m id e  p r e c i p i t a t e d
^ D u b o i s ,  J . ,  and Herzog, H . , Bull. Soc. c h im . . 57 (1 9 6 3 ) .
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im m ed ia te ly  when C^gH^Me^NBr was used b u t  some d i f f i c u l t  was 
e x p e r ie n c e d  when Et^NBr was u sed .  Presum ably  th e  d i f f e r e n c e ,  i n  
p a r t ,  was due to th e  s i z e  o f  th e  c a t i o n  u sed .
A p p a re n t ly ,  from  th e  r e s u l t s  o b t a i n ,  HF i s  n o t  a s t r o n g  
enough re d u c in g  a g e n t  w h i le  HBr i s  too  s t r o n g  o f a re d u c in g  a g e n t  
and re d u c e s  th e  chromium to  a p o s i t i v e  t h r e e  s t a t e  w h i le  b e in g  
o x id iz e d  i t s e l f  to  a t r i b r o m id e .  T r ib ro ra id e s  have been  p re p a re d  
b e fo re  b u t  t h i s  must be un ique  w i th  r e g a rd  t o  th e  method u sed .
The r e f l e c t a n c e  spec trum  of Et^NBr^ was ru n  u s in g  MgCO^ 
a s  a r e f e r e n c e .  One maximum was ob se rv ed  a t  440m[j,. The v i s i b l e - u v  
sp ec tru m  o f  t h i s  compound i n  a c e t o n i t r i l e  showed one maximum a t  
268mp, w h i le  C^H^M e^NBr^ e x h ib i t e d  a maximum a t  275m|j, i n  
a c e t o n i t r i l e .
C a lc u la te d  f o r  Et^NBr^: %C 2 5 .9 6 ;  7.H 6 . 8 6 ; %N 3 .7 9 ;
7„Br 6 4 .7 9 ;  Found: 7.C 2 5 .9 7 ;  7.H 7 .1 3 ;  %N 3 .8 0 ;  %Br 6 3 .8 1 .
C a lc u la te d  f o r  Cn ,H,,,Me0NBr,,: %C 4 3 .5 1 ;  %H 8 .0 8 ;  lo  j j  d J
Found: 7.C 4 3 .4 9 ;  7.H 8 .4 1 .
5. A ttem pted  P r e p a r a t i o n  o f  O ther Cr(V) Complexes
Compounds o f th e  type  Et^NploOCl^CAA)■], where AA r e p r e s e n t s
a 8 -d ik e to n e  such  a s  d ib en zo y lm eth an e ,  b e n z o y l t r i f l u o r o a c e t o n e ,  e t c . ,
48had been  p re p a red  by Pence u s in g  Et^NMoOCl^ as  a s t a r t i n g  m a t e r i a l .  
Hence, i t  seemed l o g i c a l  to  t r y  t o  p re p a re  a n a lo g o u s  compounds o f  
chromium(V) u s in g  th e  B -d ike tone  a s  c h e l a t i n g  a g e n t s .  However, th e  
r e s u l t s  o b ta in e d  i n  t h e s e  a t te m p te d  p r e p a r a t i o n s  w ere f a r  from
g r a t i f y i n g .  Me4 NCrOCl4 , Et^NCrOCl^, and Cs2 CrOCl5  w ere  t r i e d  a s  
s t a r t i n g  m a t e r i a l s .  Numerous problems were e n c o u n te re d  i n  s e l e c t i n g  
an  a p p r o p r i a t e  s o l v e n t .  Many s o lv e n t s  t h a t  were t r i e d  f o r  Me4 NCrOCl4  
and E t4 NCrOCl4  a p p a r e n t ly  caused  d e co m p o s i t io n  ( o r  d i s p r o p o r t i o n a t i o n )  
o f  th e  complex a s  was e v id e n t  from th e  s o lv e n t  ch an g in g  c o lo r  from 
a d a rk  r e d  to  a g re e n .  E t4 NCrOCl4  d id  n o t  appea r  t o  decompose i n  
a c e t o n i t r i l e ,  t e t r a h y d r o f u r a n ,  o r  m e th y len e  c h l o r i d e  b u t  upon 
a d d i t i o n  o f  a c h e l a t i n g  a g e n t  such  as  d ib en zo y lm eth an e  th e  s o l u t i o n  
s lo w ly  tu rn e d  g re e n .  Cs2CrOCls was s l i g h t l y  s o lu b l e  i n  a c e t o n i t r i l e  
b u t  t h i s  complex d id  n o t  r e a c t  w i th  any o f  th e  (3- d ik e to n e s  t r i e d .  
A ttem p ts  t o  improve th e  s i t u a t i o n  by c a r e f u l l y  d r y in g  th e  s o l v e n t s ,  
u s in g  th e  sodium s a l t  o f  th e  (3- d i k e t o n e s ,  and p e rfo rm in g  th e  r e a c t i o n  
under  an i n e r t  a tm osphere  w ere  n o t  f r u i t f u l .
Numerous o th e r  c h e l a t i n g  a g e n ts  were t r i e d  such as  d i p y r i d y l  
o - p h e n a n th r o l in e ,  8 - h y d r o x y q u in o l in e ,  t a r t a r i c  a c id  and k o j i c  a c i d ,  
j u s t  to  m en tio n  a  few. I n  a lm o s t  a l l  c a s e s  t h e r e  was e i t h e r  no 
r e a c t i o n  o r  a  p r e c i p i t a t e  was i s o l a t e d  whose e le m e n ta l  a n a l y s i s  
d id  n o t  f i t  any r e a s o n a b le  m o le c u la r  fo rm u la .  I f  t h e  a n a l y s i s  d i d  f i t  
some fo rm u la ,  th e  i n f r a r e d  d a t a  and m a g n e t ic  s u s c e p t i b i l i t y  i n d i c a t e d  
t h a t  th e  p ro d u c t  was a  C r ( l l l )  com plex. K o jic  a c id  ap p ea red  t o  r e a c t  
w i t h  Cs2CrOCls i n  a h o t  a c e t o n i t r i l e  s o l u t i o n .  The 
i n f r a r e d  d a t a  i n d i c a t e d  t h a t  th e  k o j i c  a c id  had complexed th e  
chromium. I n f r a r e d  band a ss ig n m en ts  o f  th e  k o j i c  a c id  complexes o f
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2^  2^
Cu , Zn , Ni , and Co have r e c e n t l y  been made by Murakami and 
52Mera . The C=0 s t r e t c h i n g  f r e q u e n c y  i n  k o j i c  a c id  o ccu rs  a t
~1  - 11668 cm and s h i f t s  t o  1634 cm i n  a l l  o f  th e  f o u r  d i v a l e n t  io n
com plexes . The C=C s t r e t c h i n g  f re q u e n c y  i n  k o j i c  a c id  g iv e s  r i s e  to
bands a t  1636, 1620 and 1589 cm ^ and t h e s e  s h i f t  t o  1575 and 1540 cm ^
53i n  th e  d i v a l e n t  m e ta l  k o j a t e s .  O rtego  r e p o r t e d  th e  C=0 s t r e t c h i n g  
f re q u e n c y  a t  1617 cm ^ i n  a  U(IV) k o j a t e  complex and th e  C«C
s t r e t c h i n g  f r e q u e n c i e s  a t  1568, 1515 and 1510 cm In  th e  chromium
complex a band a t  1622 cm ^ was o b se rv ed  i n  th e  c a rb o n y l  r e g io n  and
bands observed  a t  1575 and 1520 cm ^ cou ld  c e r t a i n l y  co rre sp o n d  to
th e  C=C s t r e t c h i n g  f r e q u e n c i e s .  The m ag n e t ic  s u s c e p t i b i l i t y  o f  th e  
chromium complex was 1 .7 8  B .M .; b u t  th e  ca rb o n -h y d ro g en  a n a l y s i s  was 
much too low w hich  p r o b a b ly  i n d i c a t e s  th e  r e a c t i o n  had n o t  gone t o  
c o m p le t io n  even a f t e r  p ro c e e d in g  f o r  one week.
The r e a c t i o n s  betw een  Cs^CrOCl^ and hydroxy a c i d s  such  as 
t a r t a r i c  a c i d ,  hydroxy m a lo n ic  a c i d ,  and m a l ic ,  a c id  was s i g n i f i c a n t  
i n  t h a t  som eth ing  o th e r  th a n  a  C r ( I I I )  was o b t a in e d .  These compounds
w ere a l l  p re p a re d  i n  a s i m i l a r  m anner. A p p ro x im a te ly  a  10 /1  mole
r a t i o  o f  h y d ro x y l  a c id /C S 2CrOCl,. was n e c e s s a r y  i n  o rd e r  f o r  th e
r e a c t i o n  to  go t o  c o m p le t io n .  The r e a c t i o n  was c a r r i e d  o u t  i n  h o t
a c e t o n i t r i l e  and enough s o l v e n t  was used  to  c o m p le te ly  d i s s o l v e  th e
i
^^Murakami, Y . , and Mera, K . , B u ll.  Chem. Soc. J a p a n . 39,
396 (1 9 6 6 ) .
53O rteg o , J . , Ph .D . D i s s e r t a t i o n ,  L o u i s ia n a  S t a t e  U n i v e r s i t y ,  
B aton  Rouge, L o u i s i a n a ,  1968. '
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hydroxy  a c i d .  The t a r t a r i c  a c id  and hydroxy  m a lo n ic  a c id  com plexes 
formed i n  ab o u t  t w e n t y - f o u r t h o u rs  w h e rea s  th e  m a l ic  a c id  complex 
a p p e a re d  to  t a k e  a b o u t  3 d a y s .  The p r e c i p i t a t e s  t h a t  w ere  o b ta in e d  
w ere  f i l t e r e d ,  w ashed  s e v e r a l  t im e s  w i t h  h o t  t e t r a h y d r o n f u r a n  and 
d r i e d  u n d e r  vacuum. The d a t a  o b ta in e d  from  p h y s i c a l - c h e m ic a l  s t u d i e s  
o f  t h e s e  com plexes w i l l  be  d i s c u s s e d  i n  a  l a t e r  s e c t i o n .
C a l c u l a t e d  f o r  C s^ C rO C ta r tJC l^ :  %C 8 .1 5 ;  %H 0 . 8 6 ;  %Cr 8 .8 2 ;
%C1 1 8 .0 5 ;  Found: 7.C. 7 .0 4 ;  %H 1 .2 3 ;  %Cr 9 .5 4 ;  %C1 1 8 .3 3 .
C a l c u la t e d  f o r  Cs^CrOCC^I^O ^Cl^: 7.C 6 .4 3 ;  %H 0 .3 4 ;
%C1 1 9 .0 9 ;  Found: 7.C 7 .7 4 ;  7.H 1 .2 9 ;  7.C1 2 1 .2 0 .
C a l c u la t e d  f o r  Cs2Cr0(C4 H4 0 5 ) C l 3 : %C 8 .4 6 ;  %H 0 .7 0 ;
%C1 1 8 .6 0 ;  Found; 7.C 9 .4 6 ;  7JI 1 .5 7 ;  7.C1 1 9 .5 1 .
(C) P h y s i c a l  C hem ical D a ta
1 .  I n f r a r e d  S p e c t r a
The r e c o rd e d  s p e c t r a  a r e  l i s t e d  f o r  e ach  o f  th e  compounds i n
t h e  r e g i o n  o f  2000 -  300 cm The s p e c t r a  w ere  r e c o rd e d  w i t h  cesium
i o d i d e  p l a t e s  u s in g  N u jo l  m u l l s .  I n t e n s i t i e s  a r e  i n d i c a t e d  by th e
a b b r e v i a t i o n s  s - s t r o n g ,  m-medium, w-weak, s h - s h o u l d e r  and v - v e r y .
RboCr0Cl2. 5
9 4 5 ( s ) , 3 6 0 ( s h ) ,  3 4 0 ( s h ) ,  3 2 0 (v s )
C soCr0Cl_2. 5
940( s ) ,  3 4 0 ( v s ) ,  3 2 0 (sh )
Me4NCrOCl4




1420(w ) , 1200(w), 1 1 8 5 (a ) ,  1105(w), 1080(w ), 1070(m),
1 0 4 0 ( s ) ,  960(in), 910(w), 7 9 5 ( a ) ,  7 5 0 ( s h ) , 4 l 0 ( s h ) ,  3 9 5 (v s ) ,  3 6 0 ( s h ) .
P r , NCrOCl.4______4_
1345(m ), 1290(w), 1190(m), 1055(m), 1 0 4 0 ( s ) ,  1 0 0 5 (a ) ,
985 (m) , 965(m), 880(w), 7 7 0 (a ) ,  520(w ), 4 1 0 ( s h ) ,  4 0 0 ( v s ) ,  350 (w ).
Bu.PCrOCl,4______4_
1 2 3 0 ( s ) ,  1190(w), 1 1 0 0 (a ) ,  1 0 8 5 (s h ) ,  1050(w ), 1 0 2 3 ( s ) ,
1010(w ), 970(m ), 948(w ), 9 0 5 (a ) ,  8 2 0 ( a ) ,  695(w ), 3 8 5 (v s ) ,  3 5 0 ( s h ) .  
(C6H5CH2)(G 6H5 ) 3PCrOCl4
1 4 9 0 ( s h ) , 1 4 4 0 (a ) ,  1410(w ), 1340(w ), 1320(w), 1240(w),
1190(w ), 1160(w ), 1140(w), 1 1 1 0 (a ) , 1070(w ), 1030(w ), 1020(m ),
/
1000(m), 9 4 0 ( s ) , 830(m), 7 8 5 ( a ) ,  7 4 5 (a ) ,  7 2 0 (a ) ,  7 0 0 ( s h ) ,  6 8 5 (a ) ,
575(m), 5 0 5 (a ) ,  4 9 0 ( s ) ,  415(m ), 370(m), 330(m), 300(w ).
(C ,Hc).A sC rO C l.
6 5 4________4_
1 4 6 0 ( s ) , 1360(ra), 1200(m ), 1180(m), 1 1 0 5 (a ) ,  1 0 8 5 (sh ) ,  
1 0 4 0 (a ) ,  1 0 2 0 (a ) ,  970(w), 940(ni), 7 6 5 ( s ) ,  7 1 0 ( s ) ,  4 8 5 ( s h ) ,  4 7 5 ( a ) ,  
4 0 5 ( a ) ,  3 7 5 (a h ) ,  3 6 0 ( s ) .
( E t 4 N)2CrOF5
1380 (w ) , 1 2 0 0 (sh ) ,  1185(ni),  1 1 1 0 (s h ) ,  1 0 7 0 ( s ) ,  1 0 5 0 (s h ) ,  
1010(m ), 9 6 0 ( a ) ,  9 1 5 (a h ) ,  8 9 0 ( a ) ,  8 0 0 (a ) ,  480(m ), 450(m ). 
Cs2C r O ( ta r t ) C l 3
I 7 5 0 ( s ) ,  1635(m), 1425(w ), 1320(w ), 1240(m), 1200(m), 
1140(nx), 1 1 1 0 (m ), 9 6 0 (s h ) , 9 4 5 ( a ) ,  830(m ), 780(m ), 740(m ), 595(w ), 
540(w ), 520(w ), 470(w ), 3 4 5 ( a ) ,  3 2 0 (a h ) .
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C s9CrO(GqH?Ot. ) C lq
1 7 3 5 ( s ) ,  1 6 0 0 ( s ) ,  1 1 2 0 ( s ) ,  9 5 0 (s h ) ,  9 3 0 ( s ) ,  810(m ), 770(m), 
720(w ), 550(w ), 430(w ), 3 3 0 ( s ) .
C82Cr0(C4H40 5 )C l3
1 7 3 5 ( s ) ,  1 5 9 0 ( s ) ,  1270(w), 1190(m), 1105(m), 1080(m),
1040(w), 935 (m), 630(w ), 580(m), 430(w ), 3 3 5 ( s ) ,  3 0 5 (s h ) .
A com ple te  a ss ig n m en t o f  a l l  bands reco rd ed  above would
r e q u i r e  e x t e n s iv e  c a l c u l a t i o n s  ( o r  a  l o t  o f  g u e ss in g )  and c o n t r i b u t e
v e r y  l i t t l e  to  t h i s  w ork . However, i t  i s  o f  ex trem e i n t e r e s t  f o r
t h i s  r e s e a r c h  prob lem  t o  a s s i g n  th e  s t r e t c h i n g  f r e q u e n c ie s  o f  th e
C r-0  m u l t i p l e  bond and a l s o  th e  s t r e t c h i n g  f r e q u e n c ie s  o f  th e  Cr-C l
54bond. B a r ra c lo u g h ,  Lewis and Nyholm p o in te d  o u t  t h a t  th e  m eta l 
m u l t i p l y  bonded oxygen s t r e t c h i n g  f re q u e n c y  o r d i n a r i l y  l i e s  i n :th e  
r e g io n  o f  900 -  1100 cm ^ and t h a t  th e  i n t e n s i t y  i s  u s u a l l y  g r e a t e r  
th a n  t h a t  o f  th e  bands due t o  any o f  th e  s u r ro u n d in g  bands'I-:'. -Likewise 
i t  i s  p o s s i b l e  from i t s  h ig h  i n t e n s i t y  to  p i c k  o u t  th e  chromium-J
55c h lo r in e  s t r e t c h i n g  f r e q u e n c i e s .  Nakamoto and Behnke have used
a  normal c o o r d in a te  a n a l y s i s  a s  a  b a s i s  f o r  a ss ig n m e n ts  o f  bands
i n  th e  compound, K f P tC A A ^ ^ ] ,  and r e p o r t  two s t r o n g  a b s o r p t io n  bands
- 1a t  339 and 327 cm w hich  c o rre sp o n d  t o  th e  p la t in u m  r* c h lo r in e  
s t r e t c h i n g  f r e q u e n c i e s .
54B a r ro c lo u g h ,  C .G .,  L ew is , J . ,  and Nyholm, R .S . ,  J .  Chem. 
S o c . . 3552 (1 9 5 9 ) .
^ B eh n k e, G .X ., and Nakamoto, K ., In o rg . Chem.. jS, 433 (1 9 6 7 ) .
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I
Prom th e  e x p e r im e n ta l  d a ta  observed  f o r  th e  c h lo ro  complexes 
i t  seems t h a t  th e  p o s i t i o n s  o f  th e  chromium-oxygen band and th e  
ch rom ium -ch lo r ine  band i s  s i g n i f i c a n t l y  d i f f e r e n t  f o r  t h e  t e t r a c h l o r o  
and p e n ta c h lo r o  oxochromium(V) s p e c i e s .  A f u l l  d i s c u s s i o n  o f  t h i s  
m a t te r  w i l l  be u n d e r ta k e n  a t  a l a t e r  p o i n t .
2. E l e c t r o n i c  S p e c t ra
F o r th e  compounds p r e p a r e d ,  th e  s p e c t r a  were re c o rd e d  i n  
m u lls  a t  l i q u i d  n i t r o g e n  te m p e ra tu re  and i n  some case s  a t  room 
te m p e r a tu r e .  The s o l u t i o n  s p e c t r a  were  re c o rd e d  u s in g  m ethy lene  
c h lo r id e  and a c e t o n i t r i l e  a s  s o l v e n t s .  The f r e q u e n c ie s  o f  th e  
a b s o r p t io n  bands a r e  shown i n  T ab le  V. E x t i n c t i o n  c o e f f i c i e n t s  
a r e  l i s t e d  i n  th e  t a b l e  f o r  th e  s o l u t i o n  s p e c t r a .  F i n a l l y ,  
t y p i c a l  s p e c t r a  o f  th e  compounds a r e  shown i n  F ig u re s .  3f:lQ.
3 . E q u iv a le n t  Conductance
The th e o r y  o f  conductance  i s  t r e a t e d  i n  many p h y s i c a l
56and a n a l y t i c a l  c h e m is t ry  te x tb o o k s  and t h e r e f o r e  o n ly  a  b r i e f  
d e s c r i p t i o n  w i l l  be p r e s e n te d  h e r e .  The s ta n d a rd  u n i t  o f  conductance  
i s  s p e c i f i c  c o n d u c tan ce ,  k ,  and i s  d e f in e d  a s  th e  r e c i p r o c a l  o f  th e  
r e s i s t e n c e  i n  ohms o f  a  one c e n t im e te r  cube o f  l i q u i d  a t  a  s p e c i f i e d  
t e m p e r a tu r e .  The- observed  co nductance  o f  a  s o l u t i o n  depends i n v e r s e l y  
on th e  d i s t a n c e ,  d , betw een th e  e l e c t r o d e s  and d i r e c t l y  on th e  s u r f a c e
W i l l a r d ,  H .H ., M e r r i t t ,  L .L . ,  and Dean, J . A . ,  " I n s t r u m e n ta l  
Methods o f  A n a ly s i s " ,  D. Van N ostrand  C o .,  I n c . ,  4 th  E d i t i o n ,  1965.
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TABLE V
ELECTRONIC SPECTRAL BANDS OF Cr(V) COMPLEXES^
A c e t o n i t r i l e  M ethylene M ull a t  M ull a t
C h lo r id e  R .T . 77°A
[Rh2CrOCl5 ]
[C s2CrOCl5 ]
1 2 .4 5 (1 9 )
1 8 .0 3 (7 6 )
. 2 2 . 8 0 ( s h )  
25 .25  





























T able V (Continued') ,
A c e t o n i t r i l e M ethylene
C h lo r id e
M ull a t  
R.T.







[E t 4 NCrOCl4 ]
1 2 .50 (17 )







4 2 .1 0 (s h )
45 .50(6380)
[ P r 4NCrOCl4 ]





















Table V (C ontinued)
A c e t o n i t r i l e M ethylene
C h lo r id e
M ull a t  
R .T.







4 0 .0 0 (9 9 0 )
[ (C 6H5 ) 4AsCrOCl4 )
1 2 .4 4 (2 1 )
1 7 .95 (80 )
23 .05 (sh )
. . 2 5 .0 2 (7 7 0 )
25 .90  
26 .87  




. .3 8 .9 0
3 9 .90
[Bu4PCrOCl4 ]
1 2 .6 6 (1 5 )
1 3 .5 4
1 8 .15
23 .20










16 .00  
16 .82
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Table V (C ontinued) '
A c e t o n i t r i l e M ethylene
C h lo r id e
M ull a t  
R.T.
Mull a t  
77°A
1 8 .0 3 (7 7 )
22 .6 4 (3 6 2 )
t< C6H5CR2K C 6H5^3PCrOC14 ]
1 2 .4 8 (1 6 )
18 .0 2 (7 4 )





















13 .3 3 (1 0 )




























T able V (C ontinued)
A c e t o n i t r i l e M ethylene
C h lo r id e
M ull a t  
R.T*
M ull a t  
7 7°A
2 2 .2 0 (1 8 .5 )













2 2 .1 5 (1 6 .5 )
2 9 .12 (105)
3 5 .8 2 (s h )
3 6 .60 (446 )










3 6 .8 0 (s h )



















A c e t o n i t r i l e  M ethylene M ull a t  M ull a t
C h lo r id e  R .T . 77°A
14.92
.. ! 2 1 .0 5 (sh )
23 .00  









2 3 .3 5 (sh )  
2 8 .3 2 (sh )
29 .25  
2 9 .9 5 (sh )
Numbers i n  p a r e n t h e s i s  a r e  e x t in c t io n ,  c o e f f i c i e n t s .
F ig u r e  3 . E l e c t r o n i c  Spec trum  o f  (CgH^)^AsCrOCl^ i n  N u jo l  a t  Room 


























F ig u r e  5 . E l e c t r o n i c  Spectrum, o f  Cs2CrOCl^ i n  N u jo l a t
KK UNITS
















































F ig u r e  8 . E l e c t r o n i c  Spectrum  o£ (C^H^CI^) ^PCrOCl^ i n
M ethy lene  C h lo r id e .
































s u r fa c e  a r e a ,  A, o f  th e  e l e c t r o d e s .  T h is  r e l a t i o n s h i p  i s  e x p re sse d  
i n  th e  fo l lo w in g  fo rm u la :
1/R  = . . . . 7d
However, i n  o rd e r  to  e x p re s s  th e  a b i l i t y  o f  in d iv id u a l  io n s  to  
c o n d u c t, c h e m is ts  em ploy a fu n c t io n  term ed e q u iv a le n t  co n d u c tan ce .
The r e l a t i o n s h i p  betw een e q u iv a le n t  con d u ctan ce  and s p e c i f i c  
co n d u ctan ce  i s :
A = 1000 |  . . . . 8
w here A r e p r e s e n t s  th e  e q u iv a le n t  co n d u ctan ce  and C r e p r e s e n ts  th e  
c o n c e n t r a t io n  o f  th e  s o lu t io n  i n  g r a m - e q u iv a l e n t s / l i t e r .  S u b s t i tu t i n g  
th e  v a lu e  f o r  k from  e q . 7  i n t o  e q . 8  g iv e s  th e  fo llo w in g  e x p re s s io n .
A -  1000d q
A “  R A C ***‘ y
The v a lu e ,  d /A , r e p r e s e n ts  w hat i s  term ed th e  c e l l  c o n s ta n t  and can  
be  d e te rm in e d  by m easu rin g  th e  r e s i s t a n c e  o f  a  s o lu t io n  o f known 
c o n d u c ta n c e . By know ing*the r e s i s t a n c e ,  c o n c e n tr a t io n ,  and e q u iv a le n t  
c o n d u c ta n c e , one can th e n  c a lc u la te  th e  c e l l  c o n s ta n t .  L ikew ise  
one can c a l c u l a t e  th e  c e l l  c o n s ta n t  d i r e c t l y  by m easu ring  th e  
d im en sio n s  o f  th e  e le c t r o d e s  and th e  d is ta n c e  betw een them . The 
c o n d u c t iv i ty  c e l l  used  i n  th e s e  d e te rm in a tio n s  was equ ipped  w ith  
two p la tin u m  e le c t r o d e s  and had a volume o f a p p ro x im a te ly  15 m l.
R e s u l ts  o f  th e  m easurem ents perfo rm ed  a re  l i s t e d  i n  
T ab le  V I. T hese v a lu e s  may be compared:'.Wi.th . th o s e i l i s t e d ;  by:.=Drago
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57and P u r c e l l  f o r  a number o f one to  one e l e c t r o l y t e s .  The range o f
- 1
e q u iv a le n t  con d u ctan ce  f o r  th e s e  known compounds was 168 to  208 ohm 
2cm . From th e  d a ta  i n  T ab le  VI i t  would a p p e a r  t h a t  th e  s p e c ie s
c o n ta in in g  CrOCl^ a r e  one to  one e l e c t r o l y t e s .
58N elso n , N a th an , and R agsda le  r e p o r te d  c o n d u c t iv i ty  d a ta
o b ta in e d  i n  a c e t o n i t r i l e  f o r  a s e r i e s  o f  com plexes o f th e  ty p e
CoCClO^)^ * 6L • xH^O, w here L r e p r e s e n ts  a 4 - s u b s t i t u t e d
q u in o l in e - 1 - o x id e .  The range  o f  th e  co n d u ctan ce  d a ta  f o r  t h i s
2 -1s e r i e s  o f  com plexes was 198 -  296 cm ohm w hich  th ey  in d ic a te d  
was in  th e  ran g e  f o r  2 :1  e l e c t r o l y t e s .  T h e re fo re , i t  a p p e a rs  t h a t
i
th e  c o n d u c t iv i ty  o f th e  Cs^CrOCl^ com plex i s  much g r e a te r ;  th an  th a t
f o r  a two to  one e l e c t r o l y t e  w hich  would in d ic a te  some f u r th e r
2 -  1d i s s o c i a t i o n  of th e  GrOCl^ s p e c ie s .  T h e re fo re ,  from  th e  c o n d u c t iv i ty  
d a ta  i t  i s  h ig h ly  p o s s ib le  t h a t  in  s o lu t io n  RCrOCl^ and R2CrOCl^
2 -
a re  p r e s e n t  in  th e  same form . T h is  cou ld  e a s i l y  r e s u l t  i f  GrOCl^ 
s p e c ie s  d i s s o c i a t e  a c c o rd in g  to  th e  fo llo w in g  e q u a t io n :
CrOCl?" -----^  CrOClT + C l"5 4
The r e s u l t i n g  s o lu t io n  would th e n  c o n ta in  a m ix tu re  o f  CrOCl^ and 
CrOCl^- .
^ D r a g o ,  R .S . ,  and P u r c e l l ,  K .F .,  "C o o rd in a tin g  S o lv e n ts " ,  
i n  "Non-Aqueous S o lv e n t S y s tem s" , T .C . W addington ( e d . ) ,  Academic 
P r e s s ,  1965, p p .211 -251 .
58N elso n , J . H . , N athan , L .C .,  and R ag sd a le , R .O ., In o rg . 
Chem.. 7 , 1840 (1 9 6 8 ) .
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TABLE VI
EQUIVALENT CONDUCTANCE OF OXOCHROMIUM(V) CHLORO COMPLEXES
IN ACETONITRILE
Compound E q u iv a le n t  C onductance
Me.NCrOCl, 4 4 177 ohm ^ cm^
Et.N CrO Cl, 4 4 162
Pr.N C rO C l, 4 4 163
Cs^CrOCl- 3542 5
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4 . M ag n e tic  S u s c e p t i b i l i t y
a .  Gouy M ethod: The Gouy m ethod f o r  m easu rin g  m a g n e tic  s u s c e p t i b i l i t y
59 60i s  d is c u s s e d  i n  d e t a i l  i n  a  number o f  t e x t s  * . T h e re fo re ,  o n ly  a
b r i e f  o u t l i n e  w i l l  be p r e s e n te d  h e r e .
The e x p e r im e n ta l  d e te r m in a t io n  o f  th e  m a g n e tic  moment 
in v o lv e s  th e  m easurem ent o f  th e  m a g n e tic  s u s c e p t i b i l i t y  and fro m  t h i s  
one can  c a l c u l a t e  th e  m a g n e tic  moment. To m easure  th e  m a g n e tic  
s u s c e p t i b i l i t y ,  th e  sam ple i s  packed i n  a c y l i n d r i c a l  tu b e  o f  u n ifo rm  
c r o s s - s e c t i o n  and su sp en d ed  i n  a m a g n e tic  f i e l d  su c h  th a t ':o n e  end 
o f  th e  sam ple i s  a t  th e  h ig h  i n t e n s i t y  p o in t  o f t h e  f i e l d ,  H.( c e n te r  o f  
th e  p o le  c a p ) ,  w h ile  th e  o th e r  end o f  th e  sam ple p r o j e c t s  above th e  
m a g n e tic  p o le s  to  w here th e  f i e l d ,  Hq , i s  a lm o s t n e g l i g i b l e .  The 
f o r c e  a c t i n g  on th e  sam ple i s  g iv e n  by e q u a t io n  10
F = %A(H2 -  H2)(K  -  K ')  + S . . . . 1 0
w here  A = c r o s s , s e c t i o n a l  a r e a  o f  sam ple
K = m a g n e tic  s u s c e p t i b i l i t y  o f  sam ple p e r  u n i t  o f  volum e
K r= m a g n e tic  s u s c e p t i b i l i t y  c£ th e  a tm o sp h ere  p e r  u n i t  o f  volum e
S = f o r c e  due to  sam ple tu b e  a lo n e .
59 Selw ood, P .M ., "M agneto C h e m is try " , I n t e r s c i e n c e  P u b l i s h e r s ,  
I n c . ,  Second E d i t io n ,  1956.
60F i g g i s ,  B .N . and L ew is, J . , i n  J .  Lew is and R .G. W ilk in s  
"M odern C o o rd in a tio n  C h e m is try " , I n t e r s c i e n c e  P u b l i s h e r s ,  I n c . ,  1960.
The c ro s s  s e c t i o n a l  a r e a  o f  th e  sam ple i s  assum ed to  be
2 2u n ifo rm  an d , h e n c e , th e  f a c t o r  ^A(H -  Hq ) may be t r e a t e d  a s  a  c o n s ta n t ,  
The volum e s u s c e p t i b i l i t y  can be r e l a t e d  to  th e  mass s u s c e p t i b i l i t y ,
Xg, by th e  e q u a t io n  Xg K/d w here  d = d e n s i t y .  A ssum ing t h a t  K*
f a l l s  w i t h i n  th e  l i m i t s  o f  a c c u ra c y  o f  th e  m easurem ents w h ich  i t  
d o es  f o r  m ost m easu rin g  eq u ip m en t, e q u a t io n  1 0  th e n  becom es
10& * g = $r
w h ere  Xg = gram s u s c e p t i b i l i t y  o f  th e  sam ple
@ = tu b e  c a l i b r a t i o n  c o n s ta n t
w = w e ig h t o f  th e  sam ple i n  grams
F / = (F -  S ) ( f o r c e  e x e r te d  on  th e  sam ple i n  m g .) .
The tu b e  c a l i b r a t i o n  c o n s ta n t  can  be d e te rm in e d  by m e a su rin g  F / on
a  sam ple w hose gram s u s c e p t i b i l i t y  i s  r e p o r te d  in  th e  l i t e r a t u r e
su ch  a s  Co[Hg(SCN)4 ]  o r  Fe(NH4 ) 2 <S0 4 > 2  * 6H2 ° and th e n  u s in S
e q u a t io n  11  t o  c a l c u l a t e  0 .
The m o la r s u s c e p t i b i l i t y ,  Xjj* i® c a l c u l a t e d  b y  m u l t ip ly in g
X by  th e  m o le c u la r  w e ig h t  o f  th e  compound. The m olar s u s c e p t i b i l i t y  
S
m ust be c o r r e c te d  f o r  th e  d iam ag n e tism  o f th e  s u b s ta n c e  u s in g  th e
59v a lu e s  o f  P a s c a l 's  c o n s ta n ts  fro m  Selwood .  T h is  c o r r e c t io n  i s
s u b t r a c te d  from  th e  m o la r  s u s c e p t i b i l i t y  t o  o b ta in  th e  a c t u a l
Coirx* Goiii?s u s c e p t i b i l i t y ,  ^  * . Xj  ̂ i a r e l a t e d  t o  th e  m a g n e tic  moment,
p,, a c c o rd in g  to  e q u a t io n  1 2  from  w h ich  p can  th e n  be c a l c u l a t e d .
b , NMR M ethod: A method to  m easure th e  m ag n e tic  s u s c e p t i b i l i t y  o f
a  p a ra m a g n e tic  io n  o f  low c o n c e n tr a t io n  in  s o lu t io n  was d em o n stra ted
s m a l le r  sam ple i s  r e q u ir e d  th a n  w ith  th e  Gouy m ethod and th e  a c c u ra c y  
i s  com parable  w ith  t h a t  o f  th e  Gouy m ethod. T h is  method em ploys th e  
u se  o f  p ro to n  NMR s p e c t r a .  I t  i s  b ased  on :the  p r i n c i p l e  t h a t  th e  
p o s i t i o n  o f  a  g iv e n  p ro to n  re so n an ce  in  th e  sp ec tru m  o f  a  m o lecu le  i s  
d ep en d en t on th e  b u lk  s u s c e p t i b i l i t y  o f  th e  medium i n  w hich th e  m olecu le  
i s  fo u n d . The s h i f t  o f  a  p ro to n  re so n a n c e  l i n e  o f  an  i n e r t  su b s ta n c e  
due to  th e  p re s e n c e  o f  p a ra m a g n e tic  io n s  i s  g iv e n  by  e q u a tio n  13
w here 6v = s h i f t  o f  re so n an c e  l i n e  
v Q = a p p l ie d  m ag n e tic  f i e l d
^  = volum e s u s c e p t i b i l i t y  o f th e  s o lu t io n  c o n ta in in g  param agnetic ..: 
io n s
«  volum e s u s c e p t i b i l i t y  o f ' a  r e f e r e n c e  s o lu t io n .
The mass s u s c e p t i b i l i t y ,  o f  th e  d is s o lv e d  sam ple i s  
g iv e n  by e q u a t io n  14
by Evans 61 The g r e a t e s t  a d v an tag e  o f  t h i s  method i s  t h a t  a  much
w here 6v = f re q u e n c y  s e p a r a t io n  betw een  th e  two l i n e s  in  cps
vQ = f re q u e n c y  a t  w hich  th e  p ro to n  re so n a n c e s  a r e  b e in g  s tu d ie d  
i n  cps
61.Evans, D .E ., J . Chem. S o c , . 2003 (1 9 5 9 ) .
^  = mass s u s c e p t i b i l i t y  o f  th e  s o lv e n t
dQ = d e n s i ty  o f  th e  s o lv e n t
d = d e n s i ty  o f  s o lu t io n  s
A f te r  c a l c u l a t i n g  th e  gram s u s c e p t i b i l i t y  from  e q u a tio n  14 one can 
d e te rm in e  the  m ag n e tic  moment by th e  same m ethod in d ic a te d  p r e v io u s ly .
I n  T ab le  V II a r e  re c o rd e d  th e  m a g n e tic  s u s c e p t i b i l i t i e s  o f 
th e  com plexes p re p a re d .  I t  can be n o ted  t h a t  a l l  th e  v a lu e s  o b ta in e d  
compare w e l l  w ith  th e  s p in -o n ly  v a lu e  f o r  one u n p a ire d  e l e c t r o n  w hich 
i s  i n d i c a t i v e  o f a  Cr(V) s p e c ie s .e x c £ p t : . th e h y d r o x y  1; :acid  com plexes. 
F igure .; 11 iS  ;an exam ple, o f th e  :ty p e ,.o f  S p l i t t in g ^  O bserved in ':th e :7  
m ag n e tic  s u s c e p t i b i l i t y  d e te rm in a tio n  by th e  NMR m ethod.
5 . E le c t r o n  S p in  Resonance S p e c tra
E le c t r o n  s p in  re so n an c e  s p e c tro s c o p y  p r e s e n ts  a  p o w e rfu l 
t o o l  f o r  th e  s tu d y  o f  chem ica l s p e c ie s  w ith  u n p a ire d  e l e c t r o n s .  I t  
p ro v id e s  in fo rm a t io n  on th e  number o f  u n p a ire d  e le c t r o n s  and a ls o  on 
th e  d i s t r i b u t i o n  o f  th e  e le c t r o n s  i n  th e  m o le c u le . A b r i e f  d e s c r ip t i o n  
o f  th e  t h e o r e t i c a l  a s p e c ts  o f ESR s p e c tro s c o p y  w i l l  be p re s e n te d  h e re ,-  
F o r  a more th o ro u g h  d is c u s s io n  o f  ESR p r i n c i p l e s  th e  r e a d e r  may r e f e r  
to  r e f e r e n c e s  62 -6 4 .
F o r  an  e l e c t r o n  w i th  s p in  s = %, th e  s p in  a n g u la r  momentum
62B ersohn , M., and B a ird , J .C . ,  " E le c tro n  P a ram ag n e tic  
R eso n an ce" , W.A. B enjam in , I n c . ,  New Y ork, N .Y ., 1966.
63C a r r in g to n , A ., and M cLachlan, A .D ., " I n t r o d u c t io n  to  
M agnetic  R esonance", H arper and Row P u b l i s h e r s ,  New Y ork, N .Y ., 1967.
^ P a k e ,  G .E ., "P a ram ag n e tic  R esonance", W .A .Benjam in,
I n c . ,  New Y ork, N . Y . , '1962.
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TABLE VII
MAGNETIC MOMENTS OF THE OXOCHROMIUM COMPLEXES







Me.NCrOCl. 4 ; 4 1 .7 9
-------
Et.NCrOCl. 4 4 1 .7 8 1 .6 4
P r 4NCrOCl4 1 .7 4 1 .77
Bu.PCrOCl, 4 4
------- 1 .7 4
(C ,H c).AsCrOCL, 
6 5 4 4 1 .87 1 .9 6
(C6H5CH2 )(C 6H5 ) 3PCrOCl4 ------- 1 .7 3
( E t4N )2CrOF5 ------- 1 .5 2
C s2C rO ( ta r t ) C l3 2 .7 8 -------
Cs2Cr0 (C3H20 5 ) C l3 2 .9 9 -------
C s2Cr0 (C4 H4 0 5 ) C l3 3 .0 6
a
U n its  a r e  i n  Bohr M agnetons.
S o lv e n t used  was CH2C12 *
C 57Brown^ 1 r e p o r te d  1 .8 0  f o r  t h i s  compound.
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F ig u re  11 .  The p ro to n  NMR sp ec tru m  i n  CH^C^ i n  a  c o a x ia l  s e t  o f
tu b e s  c o n ta in in g  CH^Cl^ i n  th e  in n e r  tu b e  (p e a k  A)
and a  s o lu t io n  o f  Et.N C rO C l, i n  CH„C1„ i n  th e  a n n u lu s4 4 2 2
(p eak  B ).
FREQUENCY (CPS)
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quantum  number can have th e  v a lu e s  o f  mg = ± ^ . T hese v a lu e s  a re  
d o u b ly  d e g e n e ra te  i n  th e  a b se n c e  o f  an  a p p l ie d  m ag n e tic  f i e l d .  I f  
th e  e l e c t r o n  i s  p la c e d  in  a  m ag n etic  f i e l d  th e  e n e rg y  i s  g iv en  by 
th e  e q u a t io n :
K —- "jjjH c o s6 . . .  .15
w here E i s  th e  en erg y  i n  e r g s ,  |x i s  th e  m ag n e tic  d ip o le  moment i n  
e rg s  p e r  g a u s s , H i s  th e  m a g n e tic  f i e l d  s t r e n g th  in  g au ss  and 0 i s  
th e  a n g le  betw een  th e  m ag n e tic  moment and th e  d i r e c t i o n  o f th e  
e x te r n a l  f i e l d .  N o n -d eg en e ra te  en erg y  l e v e l s  can be p roduced  from  
th e  i n t e r a c t i o n  o f  th e  m a g n e tic  moment o f  th e  e l e c t r o n  w ith  an 
a p p l ie d  m ag n e tic  f i e l d .  The low en e rg y  s t a t e  h a s  i t s  s p in  m ag n e tic  
moment a l ig n e d  w i th  th e  f i e l d  w h ile  th e  h ig h e r  en e rg y  s t a t e  h a s  i t s  
sp in  m ag n e tic  moment opposed t o  th e  f i e l d .  A t r a n s i t i o n  betw een th e
two d i f f e r e n t  e n e rg y  s t a t e s  o c c u rs  by th e  a b s o r p t io n  o f  r a d i a t i o n
[
i n  th e  m icrow ave re g io n  o f  th e  e le c tro m a g n e t ic  sp ec tru m  when th e
/  1
m ag n e tic  f i e l d  i s  o f  th e  o rd e r  o f  s e v e r a l  thousand  g a u s s .  The 
e n e rg y  t r a n s i t i o n  i s  g iv e n  by e q u a tio n  16;
E = hv = gf3H . . .  .16
w here h  = P la n c k 's  c o n s ta n t
v = fre q u e n c y  c£ r a d i a t i o n  
g =s Lande7 s p l i t t i n g  f a c t o r  
(3 = Bohr M agneton 
Hq = m ag n e tic  f i e l d  s t r e n g th .
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P a ir e d  e le c t r o n s  do n o t g iv e  r i s e  to  a n  ESR s ig n a l  due to
th e  f a c t  t h a t  i f  one o f th e  e l e c t r o n s  undergoes a  f l i p  b o th  e le c t r o n s
■w ill p o s se s s  th e  sane s e t  o f  quantum  num bers. T h is  i s  fo rb id d e n  by
th e  P a u l i  e x c lu s io n  p r i n c i p l e .
Only e le c tro m a g n e t ic  waves o f  fre q u e n c y  v = gf3HQ/ h  have
e x a c t ly  th e  r i g h t ;  amount o f  energ y  to  p ro v id e  th e  d i f f e r e n c e  o f  en ergy
betw een  the tw o s t a t e s .  The c o in c id e n c e  o f th e  en e rg y  o f  th e  quantum ,
h v , and th e  e n e rg y  d i f f e r e n c e  betw een th e  l e v e l s  m = %, i s  c a l le ds
re s o n a n c e . B o th  th e  f i e l d  and th e  freq u e n cy  m ust be a d ju s te d  from  
one sam ple to  a n o th e r  so t h a t  n e i t h e r  one a lo n e  i s  a d e q u a te  to  
s p e c i f y  th e  p o s i t i o n  o f a  g iv e n  a b s o r p t io n .  T h e re fo re  th e  Land^ 
s p l i t t i n g  f a c t o r ,  g , i s  u s e d . The g v a lu e  i s  th e  r a t i o  o f  th e  
m ag n e tic  moment o f  th e  e l e c t r o n  to  th e  t o t a l  a n g u la r  momentum o f  th e  
e l e c t r o n .  T h is  f a c to r  e q u a ls  2 .002322 f o r  an  unbound e l e c t r o n  b u t 
w hen th e  e l e c t r o n  i s  i n  th e  o r b i t a l s  o f  an  a to m ic  n u c le u s  th e  v a lu e  
may be a p p re c ia b ly  a l t e r e d .  The g v a lu e  can d i f f e r  from  th e  f r e e -  
e l e c t r o n  v a lu e  b ecau se  o f  s p in - o r b i t  co u p lin g  w h ich  p la c e s  a  sm all 
o r b i t a l  a n g u la r  momentum on th e  u n p a ire d  e l e c t r o n  and a l t e r s  i t s
e f f e c t i v e  m a g n e tic  moment. In  g e n e r a l ,  th e  m agn itude  o f  g depends
t
upon th e  o r i e n t a t i o n  o f  th e  m o lecu le  c o n ta in in g  th e  u n p a ire d  e l e c t r o n  
w i th  r e s p e c t  to  th e  m a g n e tic  f i e l d .  I n  a  s o lu t io n  o f  i n  th e  gas 
p h a s e , g i s  av e rag e d  ov er a l l  o r i e n t a t i o n s  b ecau se  o f  th e  f r e e  
m o tio n  o f  th e  m o lecu le s  b u t i n  a  c r y s t a l ,  movement i s  r e s t r i c t e d .
When th e  p a ra m a g n e tic  s p e c ie s  i s  lo c a te d  i n  a  p e r f e c t l y  c u b ic  
c r y s t a l  s i t e  th e  g v a lu e  i s  in d e p e n d e n t o f  th e  o r i e n t a t i o n  o f  th e
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c r y s t a l  and i s  s a id  to  be i s o t r o p i c .  I n  a c r y s t a l  s i t e  o f  low er symmetry 
th e  g v a lu e  depends upon th e  o r i e n t a t i o n  o f  th e  c r y s t a l  and i s  s a id  to  
be a n i s o t r o p i c .  The o r  g j j  v a lu e  i s  th e  g v a lu e  o b ta in e d  when th e  
z a x i s  i s  p a r a l l e l  w i th  th e  e x t e r n a l  m a g n e tic  f i e l d .  The g v a lu e s  
a lo n g  th e  x  and y a x i s  a re  g^ and g^ , w h ich  i n  a  t e t r a g o n a l  s i t e  a r e  
e q u a l and r e f e r r e d  to  a s  g^ , i s  th e  g v a lu e  o b ta in e d  w i th  th e  e x te r n a l  
m a g n e tic  f i e l d  p e r p e n d ic u la r  to  th e  z a x i s .  The g j j  and g v a lu e s  a r e  
r e l a t e d  to  g a v e ra g e  by  e q u a t io n  17.
g 2 = l / 3 g 2 | + 2 /3 g 2  17
Up to  t h i s  p o in t  we h ave  c o n s id e re d  o n ly  t h e  i n t e r a c t i o n  
o f  an  e l e c t r o n  sp in , w i th  an e x t e r n a l  m a g n e tic  f i e l d .  A n o th e r a s p e c t  
w h ic h  i s  o f  g r e a t  i n t e r e s t  t o  t  he  c h em is t i s  th e  f u r t h e r  i n t e r a c t i o n  
b e tw een  th e  e l e c t r o n  s p in  and th e  i n t e r n a l  m a g n e tic  f i e l d s ,  
p a r t i c u l a r l y  th o s e  due to  th e  m agnetism  o f  n u c l e i  i n  th e  same m o le c u le . 
The m a g n e tic  i n t e r a c t i o n s  b e tw een  th e  e l e c t r o n  s p in  and- n u c le a r  s p in  
c a u se  th e  ESR sp e c tru m  to  c o n s i s t  o f  a  number o f  l i n e s  r a t h e r  th a n  
a  s in g le  l i n e .  The r e s u l t i n g  group  o f  l i n e s  i n  th e  ESR sp ec tru m  i s  
te rm ed  th e  h y p e r f in e  s t r u c t u r e  o f  th e  sp ec tru m  and i s  cau sed  by th e  
h y p e r f in e  i n t e r a c t i o n  o f th e  n u c le u s  and th e . e l e c t r o n .  The f u r t h e r  
s p l i t t i n g  o f  th e  e l e c t r o n  s t a t e s  r e s u l t s  from  th e  p re s e n c e  o f  th e  
m a g n e tic  f i e l d  cau sed  by th e  p re s e n c e  o f  th e  n u c le a r  moment. When 
a n  u n p a ire d  e l e c t r o n  comes i n  th e  v i c i n i t y  o f  a  n u c le u s  w i th  a  
s p in ,  I ,  an  i n t e r a c t i o n  ta k e s  p la c e  w hich  c a u se s  th e  a b s o r p t io n  
s ig n a l  to  be  s p l i t  i n to  2 1 + 1  com ponen ts.
75
50 52 54S in c e  ab o u t 907, o f  th e  chromium n u c le i  have= z e ro  sp in £  * * Cr)
th e s e  n u c le i  have no m ag n e tic  moment and hence no h y p e r f in e  s p l i t t i n g
53o c c u rs  f o r  th e s e  n u c le i .  However, C r, whose n a t u r a l  abundance i s
/
9 .55% ,has a  n u c le a r  s p in  o f  3 /2  and hyp’e r f i n e  i n t e r a c t i o n  betw een t h i s  
n u c le u s  and th e  u n p a ir e d ■e le c t r o n  i s  to  be e x p e c te d . The r e s u l t i n g  
en erg y  l e v e l  d iag ram  i s  shown i n  F ig u re  12 . The e n e r g ie s  o f  e a c h  
s u b le v e l  i s  g iv e n  by th e  e q u a t io n :
E(Mg ,MI ) = S@HoMs + AMMj
w here  A i s  th e  e l e c t r o n  s p in - n u c le a r  s p in  c o u p lin g  c o n s ta n t  and
i s  th e  n u c le a r  s p in  quantum  num ber. The a llo w ed  t r a n s i t i o n s  a r e
d e te rm in e d  by th e  s e l e c t io n  r u l e s  = i l  and = 0 .  T h e re fo re
th e  a llow ed  t r a n s i t i o n s  betw een  th e  v a r io u s  s t a t e s ,  Eg -  E^, E^ -  E^,
E , -  E , ,  and E_ -  E, can be c a lc u l a t e d :
6 3 ' 5 4
Eg -  Ex = [g 0Ho (+%) + A (-t% )(+ 3/2)] - .[g g H o (-%)■ + A (-% )(+ 3 /2 )]
= gpHQ + 3/2A
E? -  E2 = g0HQ + %A
Eg - E3 = gpHo - %A
E5 -  E4  = gf3Ho -  3/2A
The above t r e a tm e n t  i n d i c a t e s  t h a t  a  s in g le  in te n s e  
a b s o r p t io n  sh o u ld  o ccu r due to  e l e c t r o n s  moving a b o u t th e  Cr(V) 
n u c l e i  w ith  z e ro  s p in  c o rre sp o n d in g  to  th e  E^ «- E ' t r a n s i t i o n  
i n  th e  d ia g ra m . Four low er i n t e n s i t y  b a n d s , two on e i t h e r :  s id e  o f
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F ig u re  12; H y p e rfin e  s p l i t t i n g  o f  th e  en erg y  l e v e l s  o f  an  e l e c t r o n  
bound to  a  n u c le u s  h a v in g  a  s p in  o f  3 /2  and i n  th e  
in f lu e n c e  o f  an e x te r n a l  m ag n e tic  f i e l d .  The f i r s t  
column (A) r e p r e s e n ts  th e  u n p e rtu rb e d  e n e rg y  l e v e l s ,  
th e  second column (B) shows th e  s p l i t t i n g  o f  t h i s  
l e v e l  due to  an a p p l ie d  e x te r n a l  f i e l d  and th e  t h i r d  
column (C) d e m o n s tra te s  th e  h y p e r f in e  s p l i t t i n g  o f  th e  
e l e c t r o n i c  en erg y  l e v e l s  b ecau se  o f  a  n u c le a r  s p in  o f  
3 /2 .
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th e  E '  «- E '  t r a n s i t i o n ,  sh o u ld  be found  due t o  th e  i n t e r a c t i o n  betw een
th e  e l e c t r o n s  and chromium n u c le i  h a v in g  a  s p in  o f  + 3 /2 .  The ESR
sp ec tru m  o f  some o f  th e  Cr(V) com plexes p re p a re d  i n  t h i s  s tu d y  a re
53shown i n  F ig u r e s  1 3 -1 6 . The h y p e r f in e  s p l i t t i n g  from  th e  Cr i s o to p e
w h ich  i s  p r e d ic te d  i s  r e s o lv e d  in o n ly  one o f  th e  s p e c t r a .  P resu m ab ly
t h i s  i s  due to  th e  low p e rc e n ta g e  o f th e  n a t u r a l  abundance  o f  th e  
53Cr i s o to p e .  The c a lc u la te d  g v a lu e s  a r e  l i s t e d  i n  T a b le  VXXI.
I n  th e  s p e c t r a  o f  {Et^Nj^CrOF^ (F ig u re s  15 and  15a) one
can o b se rv e  w hat a p p e a rs  to  be  s u p e r h y p e r f in e  s t r u c t u r e .  In  F ig u r e  15
th e  v e ry  b ro ad  ban d s o b se rv ed  a re  p o s s ib ly  th e  h y p e r f in e  s t r u c t u r e
53due to  th e  i n t e r a c t i o n  o f  th e  u n p a ire d  e l e c t r o n  w ith  th e  Cr
is o to p e  w h ile  th e  much n a rro w e r  s p l i t t i n g  w h ich  i s  much more v i s i b l e
i n  F ig u r e  15a i s  p ro b a b ly  t h e  s u p e rh y p e r f in e  s t r u c t u r e  due t o  th e  
19F i s o t o p e .  The o b se rv ed  s p l i t t i n g  i n  F ig u r e  15a i s  a p p ro x im a te ly
4318 g au ss  w h ile  M anoharan and R ogers o b se rv ed  a  1 0 .5  g a u ss  s e p a r a t io n
2 -
i n  an  HF s o l u t i o n  c o n ta in in g  a  m ix tu re  o f  CrOF^ and  CrOF,. .  The ESR
19s i g n a l  due to  th e  F i s o to p e  sh o u ld  be s p l i t  i n t o  f i v e  com ponents
w i th  i n t e n s i t y  r a t i o s  o f  1 : 4 : 6 : 4 : 1 .  In  F ig u r e  15a o n ly  fo u r  l i n e s
a r e  o b se rv e d  w h ile  th e  f i f t h  p e ak  may be c o v e red  by  th e  s t r o n g
c e n t r a l  s i g n a l .  I t  i s  d i f f i c u l t  to  d e te rm in e  th e  i n t e n s i t i e s  b u t
i t  a p p e a rs  t h a t  th e y  co u ld  be i n  th e  d e s i r e d  r a t i o s .  Two,<and
19p o s s ib ly  t h r e e ,  o f  th e  p e ak s  due t o  th e  F  s u p e r h y p e r f in e  s t r u c t u r e  
a p p e a r  to  be  s p l i t  i n t o  a  d o u b le t  w i th  one b e in g  s l i g h t l y  more 





















Figure 16. ESR S p ec tru m  of Cs^CrOO arO CI^ in the  Solid S ta te .
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. TABLE V III
ESR PARAMETERS AND SPXN-ORBXT COUPLING CONSTANTS OF
oxochromium( v) and some oxomolybdenum( v ) complexes
S p e c ie s <s> 8 11 gJL
iCcrn"1 ) R e f / a
CrOF4 “ 1.96k 1.959 1.968 - - - k3
CrOF5 2_ 1.963 1.959 1.968 ----- k3
(E t4N)2CrOFs 1.968 I .9 6 I 1.975 115
MoOFs2- 1.905 1.87k 1.911 ----- k3
(NH^sMoOCls 1 .9^7 1.915 1.965 2k0 28








Cs2CrOCls 1.988 1.982 1 .99k k7
Me4NCrOCl4 1.98751.990 1.985 1.996 ko
3k
E t4NCrOCl4 I.987 1.979 1 .99k 53
P r4NCrOCl4 1.987 1.980 1 .99k 51
Bu4 PCrOCl4 1.98k 1.975 1.992 63
( CgHs)4AsCrOCl4 1.985 1.975 1.993 62
( CsHsCHs) ( C6 Hs ) aPCrOCU 1.988 1.981 1-995 k7


















I 3 #'  'W h atev er d a ta  a r e  n o t  s p e c i f i c a l l y  r e f e r e n c e d  come from  t h i s  work 
(A ll  d a ta  o b ta in e d  from  s o l id  s t a t e  s p e c t r a ) .
^ T h e  f i r s t  l i s t e d  v a lu e s  o f  g | | ,  g±  and g f o r  each  o f  th e s e  compounds 
was c a lc u la te d  u s in g  th e  low er e n e rg y  band o f  th e  s p l i t  xy -♦ x z ,y z  
t r a n s i t i o n  and th e  second  l i s t e d  v a lu e s  come from  u s in g  th e  h ig h e r  
en erg y  band o f  t h i s  p a i r .
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p re se n c e  o f two d i f f e r e n t  ty p e s  o f  f lu o r in e  a to m s, nam ely th e  a x ia l  
and e q u a to r i a l  f l u o r i n e s .  The i n t e n s i t y  o f  th e  band due to  th e  
e q u a to r i a l  f l u o r i n e s ,  o f  c o u rs e , sho u ld  be g r e a te r  th a n  th a t  due to  
th e  a x i a l  f l u o r i n e .
In  T a b le  V I I ,  v a lu e s  f o r  g j j ,  g ^  and s p i n - o r b i t  c o u p lin g  
c o n s ta n t  a re  l i s t e d  f o r  th e  oxochrom ium (v) s p e c ie s  and a ls o  fo r  some 
oxomolybdenum(v) co m p lex es . The v a lu e s  o b ta in e d  from  compounds p r e ­
p a red  in  t h i s  s tu d y  w ere c a lc u la te d  from  s im u lta n eo u s  s o lu t io n s  o f
26th e  e q u a tio n s  g iv e n  by B a llh a u se n  and G ray , e q u a tio n s  1 ,  2 and 3  
on page 9 o f  t h i s  d i s s e r t a t i o n .  T h ere  a r e  a  number o f  p o in ts  t h a t  
a re  o f  i n t e r e s t  i n  th e  p a ra m e te rs  o b ta in e d  in  t h i s  s tu d y  in  com­
p a r is o n  to  o th e r  p u b lis h e d  w ork . (1 )  I t  i s  o f  i n t e r e s t  to  n o te  
t h a t  f o r  a l l  o f  th e  compounds p re p a re d  i n  t h i s  s tu d y  g j j  <
in c lu d in g  th e  f lu o ro -c o m p le x . T h is  i s  i n  m arked c o n t r a s t  to  th e
3I4.
work o f  Kon and Sharpless"^ whose s tu d ie s  showed g j j  >  g^  f o r  
th e  c h lo ro -c o m p le x e s . ( 2 ) The v a lu e s  o f  g j j  and g ^  a r e  low er 
fo r  th e  f lu o ro -c o m p le x  th a n  f o r  th e  c o rre sp o n d in g  c h lo ro -co m p lex es  
and t h i s  i s  a ls o  t r u e  f o r  th e  f lu o r o  and ch lo ro -c o m p le x es  o f  
oxomolybdenum(v) . (3 )  The s p i n - o r b i t  c o u p lin g  c o n s ta n t  f o r  th e
f lu o ro -c o m p le x  i s  h ig h e r  th a n  th o s e  f o r  th e  c h lo ro -c o m p le x e s . T h is  
i s  w hat one would p r e d i c t  b e ca u se  a s  th e  co v a len cy  o f  th e  bonds in  
a com plex in c r e a s e  th e  s p i n - o r b i t  c o u p lin g  c o n s ta n t  d e c r e a s e s .
(4 ) In  m ost c a se s  § i s  l e s s  i n  th e  CrOClga “ th a n  i n  th e  CrOCl4  
s p e c ie s .  T h is  seems r e a s o n a b le  in  l i g h t  o f  th e  f a c t  t h a t  th e r e  i s  
one more C r-C l c o v a le n t  bond i n  CrOCls2” th a n  i n  CrOCl^, .
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DISCUSSION
(A) I n f r a r e d  S p e c tra
In  th e  in f r a r e d  s p e c t r a  o f th e  new com plexes o f  Cr(V)
p re p a re d  i n  t h i s  s tu d y , th e r e  a r e  two re g io n s  t h a t  a r e  o f  m ajo r
im p o r ta n c e . The f i r s t  r e g io n  i s  t h a t  o f  th e  ch ro m iu m -m u ltip ly
bonded oxygen s t r e t c h i n g  f re q u e n c y  and th e  second in v o lv e s  th e
r e g io n  o f th e  ch ro m iu m -ch lo rin e  s t r e t c h i n g  f re q u e n c y . As was
in d ic a te d  e a r l i e r  th e  r e g io n  o f  a b s o r p t io n  f o r  th e  o x o c a tio n s
_x <54)
o r d i n a r i l y  o c c u rs  i n  th e  ra n g e  900-1100 cm and th e  i n t e n s i t y
o f  t h i s  m e ta l-o x y g en  band i s  u s u a l ly  much g r e a te r  th a n  th a t  o f  any
su rro u n d in g  b a n d s . T h is  a p p e a rs  to  be th e  c ase  w ith  th e
M^CrOCl^ (M = Rb o r  Cs) s p e c ie s  w here th e  C r-0  band o c cu rs  a t  
-1945 cm f o r  b o th  s p e c ie s .  T h is  band rem ain s  i n  a p p ro x im a te ly
th e  same p o s i t i o n  w h e th e r o b se rv ed  in  a i.N ujo l m u ll sam ple o r  i n  a
(
KBr p e l l e t  m a tr ix .
F o r th e  new RCrOCl^ s p e c ie s  p re p a re d  h e r e ,  o r d i n a r i l y  two
new bands a r i s e  i n  th e  NaCl r e g io n  o v e r  w hat i s  o b se rv ed  f o r  th e
/
c h lo r id e  s a l t  o f  th e  o rg a n ic  c a t io n ,  R . T h is  d a ta  i s  summ arized
-1i n  T a b le  IX .. One band o c c u rs  i n  th e  ra n g e  940-965 cm w h ile  th e
-1second o c c u rs  i n  th e  ran g e  1005-1035 cm . In  KBr o r  KG1 p e l l e t s  
th e s e  same s p e c ie s  e x h ib i t  a  v e ry  s t r o n g  band i n  th e  945-960 cm ^ 
r e g io n  and a v e ry  weak band i n  th e  1005-1035 cm ^ r e g io n .
In  o rd e r  to  t r y  to  d i s t i n g u i s h  w hich  o f  th e s e  two bands 
i s  th e  C r(V )-0  s t r e t c h i n g  f re q u e n c y , th e  compounds w ere a llo w ed  to  
s ta n d  i n  th e  open a i r  f o r  a  number o f  h o u rs  u n t i l  i t  ap p ea red  t h a t
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TABLE IX
STRETCHING FREQUENCIES ASSIGNED FOR THE 
OXOCHLOROCHROMIUM(V) COMPOUNDS (cm” 1)
Compound C r(V )-0 C r(V I)-0 C r-C l
Rb2CrOCl-5 9 4 5 (s )a 3 2 0 (s)
Cs2CrOCl5 9 4 5 (s) 3 4 0 (s)b
Me.NCrOCl, 4 4 1020(a) 4 0 0 (s)
Et.NCrO Cl, 4 4 1035(s) 960(m) 400(s )
( P r ) 4NCrOCl4 1005(a) 965(m) 41 0 (a )
Bu.PCrOCl. 4 4 1025(s) 950(w) 385(a)
(C6H5CH2)(C 6H5) 3PCrOCl4 1020(m) 940(s ) 415 (m)
(C6H5) 4AsCrOCl4 1020(m) 940 (w) 3 9 0 (s)
Bands o b ta in e d  from  N u jo l m u lls  u s in g  C s l o p t i c s .
b 57Brown r e p o r te d  9 2 5  f o r  th e  C r-0  and 5 3 6  f o r  th e  C r-C l b a n d s .
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a l l  o r  m ost o f  th e  Cr(V) had b een  o x id iz e d ,  and th e n  th e  in f r a r e d
s p e c t r a  w ere  re c o rd e d  a g a in  i n  N ujo l m u lls .  In  a l l  c a se s  th e  band
t h a t  had a p p ea red  i n  th e  1005-1020 cm ^ r e g io n  d im in ish e d  a p p re c ia b ly
_£
i n  i n t e n s i t y ,  w h ereas  th e  band i n  th e  940-965 cm re g io n  was s t i l l
p r e s e n t .  T h e re fo re  i t  may be presum ed t h a t  th e  l a t t e r  band i s
p o s s ib ly  due to  a  C r(V I)-0  s t r e t c h i n g  mode. The asym m etric  C r(V I)-0  
\ **
s t r e t c h i n g  mode i n  th e  CrO„Cl s p e c ie s  h as  been  r e p o r te d  to  occu r
- l 46  - 1a t  950 cm , w hich  s u p p o r ts  th e  h y p o th e s is  t h a t  th e  940-965 cm
band o b se rv ed  i n  th e  RCrOCl^ s p e c ie s  i s  a c t u a l l y  due to  a  C r(V I)
s p e c ie s  form ed by th e  f a c i l e  o x id a t io n  o f  th e  RCrOCl^ compound.
D uring  th e  p r e p a r a t io n  o f  a  KG1 p e l l e t  o r  a  KBr p e l l e t  o f  th e
RCrOCl^ s p e c ie s  i t  seems lo g i c a l  to  assum e th a t  a  c h lo r id e  io n
o r  brom ide io n  may occupy th e  open s i x t h  o c ta h e d ro n  p o s i t i o n  i n
th e  sq u a re  p y ram id a l CrOCl^ s p e c ie s .  T h is ,  o f  c o u rs e ,  would
p ro d u ce  th e  same s p e c ie s  c o n ta in e d  i n  th e  com pounds, M^CrOCl^.
T h e re fo re , th e  C r-0  band sh o u ld  s h i f t  when th e  in f r a r e d  sp ec tru m
o f a  RCrOCl^ compound i s  o b se rv ed  i n  th e  p e l l e t  fo rm . However,
when one com pares t h i s  to  r e s u l t s  o b ta in e d  w i th  th e  c o rre sp o n d in g
o x o te tra c h lo ro m o ly b d a te (V ) , MoOCl^, and th e  o x o p e n tac h lo ro m o ly b d a te (V ),
2 -
MoOCl,. , one m ust co n c lu d e  t h a t  o x id a t io n  a l s o  i s  o c c u r r in g  d u r in g  th e  
p r e p a r a t i o n  o f  th e  p e l l e t  c o n ta in in g  th e  chromium s p e c ie s .  The 
in f r a r e d  sp ec tru m  o f  Et^NMoOCl^ was re c o rd e d  i n  N u jo l m u ll and in  
KBr p e l l e t .  I n  b o th  c a s e s  a n  in te n s e  sh a rp  band was o b serv ed  a t  
1005 cm w hich  i s  th e  r e g io n  t h a t  th e  Mo-0 b a n d . i s  o r d i n a r i l y  fo u n d .
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T h e re fo re  i f  occupancy  o f  th e  open s i x t h  o c ta h e d r a l  p o s i t i o n  o c c u rre d
one would e x p e c t th e  Mo-0 band to  s h i f t  down to  th e  fre q u e n c y  o f
a p p ro x im a te ly  952 cm ^ w hich  i s  th e  p o s i t i o n  o f  :th e  Mo-0 band in
65th e  compound, CS2M0 OCI,. . However, s in c e  t h i s  s h i f t  i n  th e  Mo-0
band does n o t o c cu r i n  g o in g  from  th e  N u jo l m u ll to  the  p e l l e t  i t
2 -seems lo g i c a l  to  assum e t h a t  th e  c o rre sp o n d in g  MoOCl^ s p e c ie s  does 
n o t form  d u r in g  p r e p a r a t io n  o f  a p e l l e t  s t a r t i n g  w ith  th e  MoOCl^ 
s p e c ie s .
47P io v e san a  and F u r la n i  n o ted  a s im i la r  d i f f e r e n c e  i n  th e
2 -
Mo-0 s t r e t c h i n g  fre q u e n c y  when chan g in g  from  th e  MoOCl^ to  th e
MoOCl^ s p e c ie s .  The maximum d i f f e r e n c e  was o b serv ed  betw een
Cs.^MoOCl^, w here th e  Mo-0 s t r e t c h i n g  f re q u e n c y  o ccu rs  a t  955 cm \
-1
and Bu^NMoOCl^ f o r  w hich  th e  s t r e t c h i n g  f re q u e n c y  i s  1000-1015 cm .
The Mo-0 s t r e t c h i n g  freq u e n cy  was a l s o  o b serv ed  i n  th e  compound, 
Et^NMoOCl^ to  be a t  1000 era so  i t  a p p e a rs  t h a t  th e  c o o rd in a t io n  
number o f  th e  m e ta l makes a c o n s id e ra b le  d i f f e r e n c e  in  th e  p o s i t i o n  
o f  th e  M-0 (M = Cr o r  Mo) m u l t ip le  bond s t r e t c h i n g  f re q u e n c y .
One o th e r  exam ple o f  th e  same e f f e c t  i s  n o ted  i n  t h a t
3 -
th e  V-0 s t r e t c h i n g  fre q u e n c y  i n  V0F,. i s  found a t  a low er freq u e n cy
2" 66 67th a n  in  V0F, . T h is  i s  i n  a cc o rd a n ce  w i th  th e  o b s e r v a t io n  *4
t h a t  th e  o c c u p a tio n  o f  th e  s i t e  t r a n s  t o  th e  v a n ad y l oxygen re d u c es
£ C
S a b a t in i ,  A ., and B e r t i n i ,  I . ,  In o rg . Chem.. 5 , 204 (1 9 6 6 ).
^ N ak am o to , K ., M orlm ato, Y ., and M a r te l l ,  A .E .,  J .  Am.
Chem. S o c . . 83 , 4533 (1 9 6 1 ) .
6 7
S a th y a n a ra y a n a , D .N ., and P a t e l ,  C .C ., B u l l .  Chem. Soc. 
J a p a n . 37, 1736 (1 9 6 4 ) .
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th e  V-0 fre q u e n c y  due to  a d e c re a se  in  th e  p -d  d o n a tio n  from  oxygen
TT TT
to  vanadium . I n  o th e r  w o rd s , a t r a n s  l ig a n d  weakens th e  m e ta l-o x y g en  
bond .
The second a ss ig n m en t o f  th e  i n f r a r e d  bands re c o rd e d  f o r
th e  oxoch lo roch rom ate(V ) s p e c ie s  in v o lv e s  th e  C r-C l s t r e t c h i n g
37 -1mode. Brown a s s ig n e d  th e  band re c o rd e d  a t  336 cm f o r  th e
Cs^CrOCl^ compound to  th e  C r-C l s t r e t c h i n g  v i b r a t i o n  b u t th e  p o s i t io n
o f  t h i s  band i n  th e  CrOCl^ s p e c ie s  h as  n o t been  p u b l i s h e d t As one
can  see  in  T ab le  IX, th e r e  i s  a  la r g e  s h i f t  i n  th e  C r-C l s t r e t c h i n g
2 -f re q u e n c y  a s  ones goes from  th e  CrOCl,. s p e c ie s  to  th e  CrOCl^
s p e c ie s .  T h is  s o r t  o f  s h i f t  o f  th e  M-Cl s t r e t c h i n g  fre q u e n c y  i s  n o t
68w ith o u t p re c e d e n c e . C la rk  observed  t h i s  ty p e  o f  s h i f t  i n  a  s e r i e s
o f  t i ta n iu m (IV )  and vanadium (IV ) com plexes w here th e  M-Cl s t r e t c h i n g
fre q u e n c y  changes s h a r p ly  a s  th e  c o o rd in a t io n  number o f  th e  m e ta l
ch an g es . T h is  d a ta  i s  sum m arized in  T ab le  X. Such a r e l a t i o n s h i p
w ould be e x p e c te d , b ecau se  i n  g e n e r a l ,  bond le n g th s , in c r e a s e s
(due to  o v e r a l l  bond w eakening) a s  th e  c o o rd in a t io n  number o f  th e
2 -m e ta l i n c r e a s e s .  The CrOCl^ and CrOCl^ s p e c ie s  f i t  n i c e ly  in to
t h i s  scheme and from  th e  la r g e  s h i f t  i n  th e  C r-C l s t r e t c h i n g
fre q u e n c y  i n  th e  two s p e c ie s  i t  would a p p ea r t h a t  th e  C r-C l bond
s t r e n g th  i s  c o n s id e ra b ly  g r e a t e r  in  th e  CrOCl^ s p e c ie s  th a n  th e  
2 -
CrOCl^ s p e c ie s .  T h is  may have been  a c o n t r ib u t in g  f a c t o r  i n  th e  
many u n s u c c e s s fu l  a t te m p ts  h e re  to  p re p a re  new Cr(V) com plexes from
} 68
C la rk ,  S p ec tro ch im . A c ta . 21 , 955 (1 9 65) .
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TABLE X
DEPENDENCE OP v (T iC l) AND v(VCl) VIBRATIONAL FREQUENCIES 
ON THE COORDINATION NUMBER OF THE METAL (cm"1)
Compound C.N. v(M Cl)a
T iC l , 4 4 490
T iC l . • 2L 4 6
~380
T iC l4 . 2D 8 317
VC1.4 4 482
VC1. • 2L 4 6 ~370
VC1, * 2D 4 8 317
aT iC l^  and VCl^ re c o rd e d  a s  l i q u i d s ;  th e  re m a in in g  w ere re c o rd e d  a s  
N u jo l m u lls ;  L = m onodentate  l ig a n d ;  D = o -p h en y len e  b is - d im e th y l-  
a r s i n e .
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th e  RCrOCl^ s p e c ie s .  No g r e a t  su c c e ss  was a c h ie v e d  u s in g  Gs^CrOCl^
e i t h e r ,  b u t i t  d id  form  th r e e  new com plexes w ith  hydroxy a c id s
w h ile  t h i s  d id  n o t o c cu r w i th  RGrOCl. .  T h e re fo re ,  t h i s  su c c e ss  a ls o4 9
le a d s  one to  b e l ie v e  t h a t  i t  i s  e a s i e r  to  r e p la c e  th e  c h lo r id e  io n s  
i n  th e  Cs^CrOCl^ compound w i th  some o th e r  l ig a n d  th a n  i n  th e  RCrOCl^ 
compounds.
S in ce  RCrOCl^ and R^CrOCl^ a r e  p re p a re d  by th e  same
p ro c e d u re , i t  i s  w o rth w h ile  to  p o in t  o u t w hat a p p e a rs  to  be th e
l a r g e s t  f a c t o r  in v o lv e d  i n  d e te rm in in g  w hich  o f  th e  two com plexes
w i l l  be o b ta in e d  i n  a  g iv e n  p r e p a r a t io n .  The l a r g e s t  c o n t r ib u t in g
f a c t o r  a p p e a rs  to  be th e  s i z e  o f  th e  c a t io n  used  i n  th e  RC1 s a l t
2 -
w hich  cau se s  p r e c i p i t a t i o n  o f th e  CrOCl^ o r  CrOCl,. s p e c ie s .  Note
”t*
t h a t  w ith  such  c a t io n s  a s  K ,  Rb , Cs ,■ and NH  ̂ th e  R2CrOCl,. s p e c ie s
4- *4“ ’fi s  form ed b u t when such  c a t io n s  a s  R^N , R^R, and R^As a re  used one 
i n v a r i a b ly  g e ts  th e  RCrOCl^ s p e c ie s .  The l a r g e s t  c a t io n  t h a t  i s  
known to  form  th e  R2CrOCl^ s p e c ie s  i s  th e  Cs* ( r  = 1*67^)-w h ile  th e  
s m a l le s t  c a t io n  t h a t  i s  known to  form  th e  RCrOCl^ s p e c ie s  i s  th e  
Me^N* ( r  = 3 .4& ).
47P io v e san a  and F u r l a n i  a l s o  r e c e n t ly  r e p o r te d  t h a t  fo rm a tio n
2 -
o f  MoOCl,. o r  MoOCl, s p e c ie s  depend s t r o n g ly  on "the n a tu re  o f  th e  
c a t io n  r a t h e r  th a n  on th e  p r e p a r a t io n  m ethod. They n o ted  th a t  w ith  
th e  t e t r a s u b s t i t u t e d  ammonium o r a rso n iu m  c a t io n s  th e  RMoOCl^ s p e c ie s  
was o b ta in e d  even  by d i f f e r e n t  p r e p a r a t io n  p ro c e d u re s .
In  sum m arizing  th e  i n f r a r e d  d a ta  o f  th e  oxoch lo rochrom ate(V ) 
com pounds, th e r e  i s  a  s i g n i f i c a n t  d i f f e r e n c e  i n  th e  p o s i t io n  o f  th e
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C r-0  s t r e t c h i n g  fre q u e n c y  o f  th e  two ty p e s  o f  s p e c ie s  and l ik e w is e  
i n  th e  C r-C l s t r e t c h i n g  fre q u e n c y  w hich can be a t t r i b u t e d ,  a t  l e a s t  
p a r t i a l l y ,  to  th e  change i n  c o o rd in a t io n  number o f th e  chromium.
The p a r t i c u l a r  s p e c ie s  t h a t  one o b ta in s  i n  p r e p a r a t io n  depends on th e  
s iz e  o f  th e  c a t io n  w here th e  c r i t i c a l  s i z e  seems to  l i e  'somewhere
betw een th e  Cs+ ( r  = 1.67& )and th e  Me^N+ ( r  = 3 .4& ).
lE t4NX2CrOT5
No p re v io u s  i n f r a r e d  d a ta  f o r  oxofluorochrom ium (V ) com plexes
have b een  r e p o r te d .  E x am in a tio n  o f  th e  i n f r a r e d  sp ec tru m  o f
(E t^N )2CrOF,. shows f o u r  bands t h a t  a r e  n o t p r e s e n t  i n  th e  Et^NF s a l t .
These bands o c cu r a t  9 6 0 ( s ) ,  8 9 0 ( s ) ,  480(m ), and 450(m) cm
69S a th y an aray an a  and P a te l  a s s ig n e d  th e  V-F s t r e t c h i n g
fre q u e n c y  i n  (NH^J^VOF^ to  th e  940 cm ^ band and th e  band a t  735 cm ^
was a s s ig n e d  th e  V-F ( a x i a l )  s t r e t c h i n g  mode. They a l s o  o b serv ed  a 
-1
band a t  955 cm and a s s ig n e d  t h i s  to  th e  V-0 s t r e t c h .  However, th e
a ss ig n m e n ts  o f  th e  940 and 735 cm ^ bands w ere q u e s tio n e d  by P io v e san a
70 ■ -*1and S e lb in  who b e l ie v e d  t h a t  th e  two bands i n  th e  900-1000 cm
re g io n  f o r  (NH^)^V0F5 b o th  a r i s e  from  th e  t r a n s  F-V=0 g ro u p in g  w h ile
bands a t  735, 490, and 315 cm w ere b e l ie v e d  to  be a s s o c ia te d  w ith
th e  fu n d am en ta l m o le c u la r  v ib r a t i o n s  in v o lv in g  p r im a r i ly  V-F bonds
69 S a th y a n a ray a n a , D .N ., and P a t e l ,  C .C ., J .  In o r g .  and N u c l. 
Chem .. 30, 207 (1 9 6 8 ) .
^ P io v e s a n a ,  0 . ,  and S e lb in ,  J . , J .  In o rg . N u c l. Chem.. 31, 
433 (1 9 6 9 ) .
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and t h e i r  s t r e t c h i n g  and bend ing  m otions.. T h e re fo re  i t  seems re a s o n a b le
-1  - 1t o  a s s ig n  th e  two bands o b serv ed  a t  960 cm and 890 cm i n
(Et^N) ^CrOF,- to  th e  F-Cr=0 asym m etric  s t r e t c h i n g  mode and F~Cr=0
-1sym m etric  s t r e t c h i n g  mode, r e s p e c t i v e l y .  The bands a t  480 cm and 450 cm 
may be a s s o c i a t e d 'w i th  thel/C r^F s trh t .c h in g  and bend ing  m odes.
-1
An a l t e r n a t e  ap p ro ach  i s  to  a s s ig n  th e  band a t  960>cm to
th e  C r-0  s t r e t c h i n g  mode s in c e  t h i s  i s  th e  m ost in te n s e  band in  th e  
sp ec tru m  and i t  o c c u rs  i n  th e  r e g io n  w here a  C r-0  band i s  o r d i n a r i l y  
found.- However, i n  t h i s  ap p ro ach  th e  a ss ig n m en t o f  th e  C r-F  band i s
n o t q u i t e  so o b v io u s . I t  cou ld  be r a t i o n a l i z e d  th a t  th e  s tro n g
-1  71band w h ich 'to ccu rs  a t  890 cm i s  a  C r-F  s t r e t c h i n g  mode. Hobbs
a s s ig n e d  th e  band a t  789 cm ^ a s  th e  C r-F  s t r e t c h i n g  freq u e n cy  in  th e
compound, Cr02F 2 » and i t  seems p o s s ib le  t h a t  w ith  one l e s s  oxygen
in  th e  m o lecu le  th e  C r-F  s t r e t c h i n g  f re q u e n c y  could  go a s  h ig h  a s  
"1890 cm . The Mo-F s t r e t c h i n g  freq u e n cy  r e p o r te d  f o r  MoFg o c cu rs  a t
741 cm ^ w h ile  t h a t  f o r  WF,, o c cu rs  a t  712 cm ■*■. T h e re fo re  due to
th e  d i f f e r e n c e  in  mass o f  th e  chromium atom  and molybdenum atom  one
would p r e d i c t  t h a t  th e  C r-F  s t r e t c h i n g  f re q u e n c y  shou ld  be h ig h e r
th a n  th e  Mo-F s t r e t c h i n g  fre q u e n c y . When a la r g e  d i f f e r e n c e  in  
mass o c c u rs  t h i s  g e n e r a l ly  w i l l  in c r e a s e  th e  p o s i t io n  o f  th e  M-F
s t r e t c h i n g  f re q u e n c y . F o r exam ple, th e  S-F s t r e t c h i n g  fre q u e n c y  in
- 1  - I 72SF, i s  a t  940 cm w h ile  t h a t  f o r  SeF, o c c u rs  a t  780 cm . The 6 6
71Hobbs, W .E ., J .  Am. Chem. S o c . . 28, 1220 (1 9 5 8 ).
72Nakam oto, K ., " I n f r a r e d  S p e c tra  o f  In o rg a n ic  C o o rd in a tio n  
Compounds", John  W iley  and S ons, New Y ork, N .Y ., 1963.
se len iu m  atom, i s  ab o u t 2% tim e s  h e a v ie r  th a n  th e  s u l f u r  atom  w h ile  
th e  Mo atom  i s  n o t q u i te  tw ic e  a s  heavy a s  th e  Cr atom . T h e re fo re , 
i f  th e  same ty p e  o f in c r e a s e  o c c u rs  i n  g o in g  from  Mo to  Cr t h a t  
o c cu rs  when g o in g  from  Se t o  S th e  Cr-F band cou ld  re a s o n a b ly  be th e  
one th a t  o c c u rs  a t  890 cm
However, th e  a u th o r  b e l ie v e s  t h a t  th e  f i r s t  a p p ro a c h  seems 
to  be more re a s o n a b le  s in c e  th e  v ib r a t i o n s  a lo n g  th e  z a x i s  have g o t 
to  in v o lv e  b o th  th e  oxygen and th e  a x i a l  f l u o r i d e .  T h is  sh o u ld  g iv e  
r i s e  to  a  p seu d o -sy m m etric  and a  p se u d o -a n tisy m m e tr ic  s t r e t c h i n g  
v i b r a t i o n  a lo n g  th e  C r-0  a x i s .
(B) V is ib le -U V  S p e c tra  
]_
I n  a  d sy stem  su ch  a s  oxochrom ate(V ) fo u r  d -d  t r a n s i t i o n s
a re  p o s s ib le  w ith  two o f  th e s e  u s u a l ly  b e in g  d e g e n e ra te  p a r t i c u l a r l y
i n  sym m etry. The fo llo w in g  t r a n s i t i o n s  a r e  p o s s ib le :
( th e s e  may be s p l i t  i n t o  two bands by low er sym m etry), d 2 2 *" ^x  -y  xy
and d 9 «- d . The i n t e n s i t i e s  o f  th e  l ig a n d  f i e l d  t r a n s i t i o n s  a r e  z^ xy
g e n e r a l ly  q u i t e  low w ith  th e  e x t in c t io n  c o e f f i c i e n t s  a lw ays l e s s  
th a n  500, and  u s u a l ly  th e  v a lu e s  a r e  o f  one o rd e r  o f m agn itude  s m a lle r  
th a n  t h i s .
The f i r s t  and p ro b a b ly  th e  m ost d e f i n i t e  a ss ig n m en t w hich
can  be made i s ( d  ,d  ) «- d to  th e  b ro ad  weak band c e n te re d  a tyz* x z ' xy
a b o u t 12.5kK  i n  a c e t o n i t r i l e  i n  each  o f  th e  oxoch lo roch rom ate(V ) 
s p e c ie s .  The m olar e x t i n c t i o n  c o e f f i c i e n t  f o r  t h i s  band i s
a p p ro x im a te ly  20 and i t  i s  th e  lo w e s t energ y  band o b se rv e d . T h is
27a ss ig n m e n t i s  c o n s i s t e n t  w ith  t h a t  o f  Gray and H are who a s s ig n e d
th e  band o b serv ed  a t  12.9kK in  th e  compound, (NH^)^CrOGl^, to  t h i s
t r a n s i t i o n .  I t  i s  i n t e r e s t i n g  to  n o te  a t  t h i s  p o in t  t h a t  th e  f i r s t
band o b serv ed  i n  each  o f  th e  oxoch lo roch rom ate(V ) com plexes (Cs2Cr0Cl^
and RCrOCl^ s p e c ie s )  o c c u rs  a t  j u s t  a b o u t th e  same p o s i t io n  in
s o lu t io n .  T h is  cou ld  in d ic a te  two th in g s .  F i r s t ,  th e  c h lo r id e  in
th e  a x ia l  p o s i t i o n  i n  Cs^CrOCl^ compound cou ld  be io n is in g  in
s o lu t io n  so t h a t  th e  s o l i d  t e t r a c h l o r o  and p e n ta c h lo ro  s p e c ie s
become a p p ro x im a te ly  th e  same in  s o lu t io n ; ,  a n d  th e  second p o s s i b i l i t y
i s  t h a t  th e  a x i a l  c h lo r id e  has e s s e n t i a l l y  no a f f e c t  on th e
(d  ,d  ) «- d t r a n s i t i o n  becau se  o f  th e  s t ro n g  C r-0  bond. The '  yz* x z  xy °
c o n d u c t iv i ty  d a ta  s u g g e s ts  th a t  th e  Cs^CrOCl^ compound d i s s o c i a t e s  ■
i n  more th a n  a 2 :1  r a t i o  in  a c e t o n i t r i l e ,  as  w as m entioned  p r e v io u s ly ,
w ith  th e  a x i a l  c h lo r id e  d i s s o c i a t i n g  and fo rm ing  CrOCl^. The spectrum -
o f  Cs2Cr0Clt- was o b serv ed  a f t e r  a la r g e  e x c e ss  o f  Et^NCl had been
added to  th e  s o lu t io n .  The p o s i t i o n  o f th e  f i r s t  band d id  n o t
change n o r  d id  th e  i n t e n s i t y  change s i g n i f i c a n t l y .  W ith a  c h lo r id e
io n  occupy ing  th e  a x i a l  p o s i t io n  th e  s p e c ie s  sh o u ld  be much c lo s e r  to
a  r e g u la r  o c ta h e d ro n  and hence th e  d -d  t r a n s i t i o n  sho u ld  be more
fo rb id d e n  by symmetry a rg u m en ts . T h e re fo re  one would e x p e c t a  low er
2 -i n t e n s i t y  o f  th e s e  bands f o r  CrOCl^ th a n  f o r  CrOCl^. W hile  t h i s  
ex p ec te d  change i n  i n t e n s i t y  does n o t o ccu r when Et^NCl i s  added to  
a  s o lu t io n  o f  Cs^CrOCl^, th e re  i s  a  s i g n i f i c a n t  change i n  i n t e n s i t y
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o f t h i s  f i r s t  band when Et^NCl i s  added* to  a s o lu t io n  o f  Et^NCrOCl^.
The e x t in c t io n  c o e f f i c i e n t  d e c re a s e s  by a p p ro x im a te ly  a  f a c t o r  o f
two when th e re  i s  a  5 /1  mole r a t i o  o f  E t,N C l/E t.N C rO C l, b u t th e4  4 4
p o s i t i o n  o f th e  band does n o t ch an g e . A s im i la r  change in  th e  
i n t e n s i t y  was n o t o b serv ed  when Et^NClO^ was added to  a  s o lu t io n
o f E t.N C rO C l.. T h e re fo re  from  th e  above o b s e r v a t io n s  i t  d o es  n o t4 4 -
a p p e a r  t h a t  th e  o c c u p a tio n  o f th e  a x i a l  p o s i t i o n  can  be in c re a s e d
by a d d i t io n  o f  E t.N C l to  a s o lu t io n  o f  Cs„CrOCl[. b u t t h i s  w i l l  o ccu r 
J 4 2 5
to  some e x te n t  i n  a s o lu t io n  o f Et^NCrOCl^. The s o lu t io n  s p e c t r a  seem 
to  be i n d i c a t iv e  o f  th e  f a c t  t h a t  when th e  a x i a l  p o s i t i o n  i s  occup ied  
a re d  s h i f t  i s  o b se rv ed  in  th e  f i r s t  band . F o r exam ple, i n  a N ujo l 
m u ll a t  room te m p e ra tu re  th e  f i r s t  band in  th e  sp ec tru m  o f  (CgH^)^AsCrOCl^ 
o c c u rs  a t  13.54kK , w hereas in  a good c o o rd in a t in g  s o lv e n t ' such  as  
a c e t o n i t r i l e  t h i s  f i r s t  band o c c u rs  a t  12.44kK . One o th e r  p o in t  o f  
s ig n i f i c a n c e  w hich  adds to  th e  c o n c lu s io n  th a t  o c c u p a tio n  o f  th e  
a x i a l  p o s i t i o n  does in d eed  cau se  th e  f i r s t  band to  s h i f t  to  low er 
e n e rg y  i s  th e  f a c t  t h a t  when th e  s p e c t r a  o f  th e  RCrOCl^ s p e c ie s  a re  
o b se rv ed  in  m eth y len e  c h lo r id e  and a c e t o n i t r i l e  th e  f i r s t  band s h i f t s  
to  a low er en erg y  in  a c e t o n i t r i l e  when compared to  m ethy lene  c h lo r id e .
Of c o u rs e , a c e t o n i t r i l e  i s  a  much b e t t e r  c o o r d in a t in g  s o lv e n t  th a n  
m ethy lene  c h lo r id e  so t h i s  s h i f t  i n  th e  f i r s t  band sh o u ld  be e x p e c te d .
I n  th e  low te m p e ra tu re  s p e c t r a  o f  th e  o x o ch lo roch rom ate(V ) 
com plexes th e  f i r s t  band i s  found to  be s p l i t  i n t o  th r e e  o r  more 
com ponents. T h is  s p l i t t i n g  cou ld  r e s u l t  from  two o r i g i n s :  (1 ) an
e l e c t r o n i c  o r ig i n  in  t h a t  th e  d and d o r b i t a l s  a re  d e g e n e ra te  o n lyxz yz
i n  a r ig o r o u s ly ,  C^ env ironm ent and th ey  sh o u ld  be s p l i t  i n t o  two 
e l e c t r o n i c  l e v e l s  i n  any low er sym m etry; and (2 ) a  v i b r a t i o n a l  o r i g i n  
i n  t h a t  th e  ungerade  v i b r a t i o n a l  modes o f th e  com plex io n  and 
p a r t i c u l a r l y  th e  C r-0  v ib r a t i o n  (a lo n g  th e  z a x i s  and hence a f f e c t in g  
th e  d^z and d^z o r b i t a l s )  may a l s o  r e s u l t  in  a band s p l i t t i n g .  The
m agn itude  o f  th e  s p l i t t i n g  a r i s i n g  from  th e  V-0 s t r e t c h i n g  mode
70 -1was e s t im a te d  by P io v e san a  and S e lb in  to  be a t  600-800 cm , on
th e  b a s i s  t h a t  th e  V-0 s t r e t c h i n g  mode i n  th e  ground s t a t e  o f  th e
m o lecu le  i s  in  th e  900-1000 cm r e g io n .  T h e re fo re  th e  m agnitude
o f th e  s p l i t t i n g  a r i s i n g  from  th e  C r-0  s t r e t c h i n g  mode shou ld  be
v e ry  s i m i l a r .  I t  seems l i k e l y  t h a t  th e  s p l i t t i n g  a c t u a l l y  ob serv ed
in  th e  f i r s t  band m ust be v i b r a t i o n a l  i n  o r i g i n .  The s p l i t t i n g
-1
ob serv ed  i n  most c a s e s  f a l l s  i n  th e  ran g e  from  600-800 cm , and
l ik e w is e  i n  th e  two c a se s  w here th e  symmetry i s  m ost s u r e ly  C^v
(Rb^CrOCl^ £nd Cs2CrOCl^) m echanism  (1 ) sh o u ld  n o t be  o p e ra t iv e
and th e  s p l i t t i n g  sh o u ld  n o t be o b serv ed  i f  th e y  w ere p u re ly
e l e c t r o n i c  in  n a tu r e .  S im ila r  s p l i t t i n g s  w ere o b serv ed  in
3+Et^NMoOCl^ a s  w e l l  a s  f o r  o th e r  MoO s p e c ie s  and th e s e  w ere a ls o  
a s s ig n e d  to  a  v i b r a t i o n a l  o r i g i n .
One o th e r  p o in t  w o rth y  o f d is c u s s io n  a t ' t h i s  tim e  i s  th e  
p o s i t i o n  o f th e  f i r s t  band in  th e  v a r io u s  oxoch lo roch rom ate(V ) 
com plexes when o b se rv ed  a t  low te m p e ra tu re  i n  a  N u jo l m u ll .  In  
r e f e r r i n g  back  t o  F ig u re  4 and 5 , a  b lu e  s h i f t  o f  a b o u t 2.6kK i s
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o b se rv ed  i n  th e  f i r s t  band when g o in g  from  CSgCrOCl,. to  (CgH^)^AsCrOCl^.
I t  sh o u ld  a l s o  be  o b se rv ed  from  T a b le  V t h a t  a  s m a l le r  s h i f t  o f  th e
f i r s t  band o c c u rs  w i th in  :th e  RCrOCl^ s p e c ie s  and a l s o  w i th in  th e
RgCrOCl^ s p e c ie s .  T h e r e f o r e ,  i t  seem s t h a t  th e  p a r t i c u l a r  c a t i o n
in v o lv e d  i n  e ach  s p e c ie s  h a s  a  s m a ll a f f e c t  on th e  p o s i t i o n  o f  th e
f i r s t  b an d . T h is  p re su m ab ly  m ust be a  sec o n d a ry  c o o r d in a t io n  sp h e re
a f f e c t .  U n f o r tu n a te ly ,  i t  h a s  n o t been, p o s s ib le  up t o  th e  p r e s e n t
2 -tim e  to  p ro d u ce  a CrOCl^ and a  CrOCl,. s p e c ie s  w i th  th e  same c a t i o n .
A s h i f t  o f  2.6kK f o r  th e  f i r s t  band i n  g o in g  from  Cs2CrOCl^
t o  (CgH^)^AsCrOCl^ seems much to o  l a r g e  to  be cau sed  by su ch  a
se c o n d a ry  a f f e c t  a lo n e .  The (d ,d  ) «- d t r a n s i t i o n  sh o u ld  be J '  yz* x z ' xy
q u i t e  s e n s i t i v e  to  changes i n  the bond o rd e r  o f  C r -0 , o r  more g e n e r a l ly
to  t e t r a g o n a l i t y  e f f e c t s .  The bond o r d e r  o f  th e  C r-0  bond sh o u ld  be
lo w er i n  th e  C s2CrOCl^ th a n  i n  (CgH^)^AsCrOCl^ s p e c ie s  due to  th e
p re s e n c e  o f  an  a x i a l  c h lo r id e  i n  th e  Cs2CrOCl^ s p e c i e s .  T h e re fo re
i t  seems l o g i c a l  t h a t  th e  t e t r a g o n a l i t y  e f f e c t  i s  somewhat g r e a t e r
2 -i n  th e  CrOCl^ th a n  th e  CrOCl,. s p e c ie s  w h ich  sh o u ld  c au se  a  g r e a t e r
e n e rg y  gap be tw een  th e  d and th e  d o r b i t a l s .  Hence i t  seems°  xy x z ,y z
r e a s o n a b le  to  e x p e c t  th e  f i r s t  band i n  th e  Cs2CrOCl^ compound to
a p p e a r  a t  a  s l i g h t l y  low er e n e rg y  th a n  th e  f i r s t  band i n  (CgH^)^AsCrOCl^.
A s i x t h  l ig a n d  w ould  be e x p e c te d  to  d e c r e a s e  th e  e n e rg y  o f
th e  (d  ,d  ) 4- d t r a n s i t i o n .  The w eaken ing  o f  th e  C r-0  o-bond'  y z J x z y xy °
w ould  cau se  th e  oxygen t o  move o u t from  th e  chromium and a l s o  weaken 
th e  ttb o n d s , w h ich  p r im a r i l y  in v o lv e  th e  d ^  and d^g o r b i t a l s .
L ik e w is e , a  d e c re a s e  i n  th e  O -C r-C l bond a n g le  w ould a l s o  d e c re a s e
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any rr-bonding betw een th e  e q u a to r i a l  l ig a n d s  ahd th e .  d^g ,d ^ a : . b r b i t a l s .
A s t i l l  s t r o n g e r  l i g a t i n g  a g e n t such  a s  F~ w ould be e x p e c te d  to
cau se  b o th  o f  th e s e  e f f e c t s  i n  l a r g e r  d eg ree  and th u s  s h i f t  th e
(d  ,d  ) «- d t r a n s i t i o n  to  s t i l l  low er e n e r g ie s ,  yz* x z ' xy °
The s p e c t r a l  d a ta  from  th e  s o l id  s t a t e  f u r t h e r  s u p p o rts
th e  d a ta  from  th e  s o lu t io n  s p e c t r a  and more f i r m ly  e s t a b l i s h e s  th e
o b s e r v a t io n  t h a t  th e  o c c u p a tio n  o f  th e  a x i a l  p o s i t i o n  does in d eed
cau se  a  re d  s h i f t  i n  th e  f i r s t  band a s  th e  fo r e g o in g  d is c u s s io n
shows one would e x p e c t .
I n  th e  v i s i b l e - u l t r a v i o l e t  sp ec tru m  o f  (Et^N)^CrOF^ in
N ujo l m u ll a t  77°K th e  f i r s t  b road  low i n t e n s i t y  band i s  c e n te re d
a t  a p p ro x im a te ly  8.35kK . To be c o n s i s t e n t  w i th  th e  d a ta  and band
a ss ig n m e n ts  f o r  th e  oxoch lo ro ch ro m ate(V ) s p e c ie s  and l ik e w is e  w ith
th e  c h lo ro  and f lu o r o  s p e c ie s  o f  b o th  VO and MoO , th e  a ss ig n m en t
o f  t h i s  band must be to  th e  (d ,d  ) ♦- d t r a n s i t i o n .  To r e p e a t ,yz* x z ' xy
i t  was t o  be ex p ec ted  t h a t  th e  (d ,d  ) ♦- d t r a n s i t i o n  sh o u ldyz* xz xy
o c cu r a t  a  low er en e rg y  f o r  th e  f lu o r o  com plex th a n  f o r  th e  c h lo ro  
com plex.
One o th e r  p o in t  o f  i n t e r e s t  w ith  t h i s  f i r s t  band i s  th e
f a c t  t h a t  i t  a p p ea rs  to  be s p l i t  i n t o  two com ponents a t  77°K. The
-1
two peaks t h a t  a re  o b se rv ed  i n  th e  f i r s t  band a r e  s p l i t  by o n ly  120 cm
w hereas i n  th e  c h lo ro  com plexes th e  f i r s t  band i n  th e  s p e c t r a  i s
-1
s p l i t  i n t o  s e v e r a l  p eak s  s e p a ra te d  anyw here from  600-800 cm .
T h e re fo re , i t  does n o t seem l i k e l y  t h a t  th e  s p l i t t i n g  i n  th e  f i r s t  
band o f th e  f lu o r o  com plex i s  v i b r a t i o n a l  i n  n a tu r e ,  a s  i t  a p p e a rs  to
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be in  th e  c h lo ro  com plexes. L ik ew ise  b ecau se  o f  th e  h ig h  symmetry
i t  a p p e a rs  v e ry  u n l ik e ly  t h a t  th e s e  two com ponents a re  cau sed  by th e
s p l i t t i n g  o f th e  d and d o r b i t a l s .xz yz
The second band t h a t  o c c u rs  i n  th e  o x o ch lo ro ch ro m ate(V )
s p e c ie s  i s  observ ed  a t  a p p ro x im a te ly  18kK b o th  i n  s o lu t io n  and i n  th e
s o l id  s t a t e .  The m o lar e x t i n c t i o n  c o e f f i c i e n t  f o r  each  o f th e
compounds (RCrOCl^ and R^CtOCl^) i s  so m eth in g  l e s s  th a n  100 i n
a c e t o n i t r i l e .  As i s  e v id e n t  from  T ab le  V th e  p o s i t i o n  o f  t h i s  band
i s  r e l a t i v e l y  c o n s ta n t  r e g a r d le s s  o f  th e  c a t io n  p re s e n t  and i t
shou ld  a l s o  be n o ted  t h a t  t h i s  band i s  n e v e r  found to  be s p l i t .
T h e re fo re , i t  seems q u i t e  p ro b a b le  t h a t  t h i s  second band i s  th e
dx 2 2 *“ dXy t r a n s i t i o n ,  m aking i t  th e n  a  m easure o f  10Dq. I n  an
e l e c t r o n i c  t r a n s i t io n ,p r im a r i ly :b e t w e e n  a non^bonding  n o n -d e g e n e ra te
o r b i t a l  (dXy) and a n tib o n d in g  n o n -d e g e n e ra te  o r b i t a l  (d x 2_y2)
n e i th e r  o f  w hich i s  in v o lv e d  w ith  th e  s t r o n g ly  bound oxo-oxygen
one would n o t ex p ec t a  s p l i t t i n g  to  o c c u r , u n le s s  i t  w ere to  a r i s e
from  .th e  c o u p lin g  o f  th e  e l e c t r o n i c  t r a n s i t i o n  w i th  a  C r-C l
v i b r a t i o n a l  mode.
I t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e r e  i s  no s i g n i f i c a n t
d i f f e r e n c e  in  th e  p o s i t i o n  o f  t h i s  band w h e th e r th e  s p e c ie s  i s  CrOCl^
2 -o r  CrOCl^ . T here  a r e  a number o f d i s t i n c t  e f f e c t s  t h a t  sh o u ld  o c cu r 
w henever a  s ix th  l ig a n d  a t ta c h e s  t r a n s  to  th e  oxo-oxygen . Of c o u rs e , 
th e s e  e f f e c t s  a re  n o t  s e p a r a te ly  o b s e rv a b le  s in c e  th e y  o c cu r 
s im u lta n e o u s ly  and i n  o p p o sin g  w ays. The e f f e c t s  in c lu d e  (1 )  lo w e rin g  
o f  th e  in d iv id u a l  bond e n e r g ie s  o f  a l l  o f  th e  o th e r  bonds by l ig a n d
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and e l e c t r o n  p a i r  r e p u ls io n s ;  (2 ) w eakening  o f  th e  oxo-oxygen  bond
by u t i l i z i n g  a  " p o r t io n "  o f  th e  same o r b i t a l s  (d p , d , d )z ̂  z xz yz
presum ed to  bond o n ly  th e  oxo-oxygen i n  th e  p e n ta c o o rd in a te d  s p e c ie s ;
(3 ) s t r e n g th e n in g  o f  e q u a t o r i a l  a -b o n d in g  to  t t e '  d^2 y2 o r b i t a l
inasm uch a s  g r e a t e r  l ig a n d  cT“o r b i t a l  o v e r la p  i s  p o s s ib le  w i th  t h i s
o r b i t a l  when th e  e q u a to r i a l  l ig a n d s  a r e  fo r c e d  by th e  s i x t h  lig a n d
to  move up c l o s e r  to  th e  p la n e  norm al to  th e  C r-0  bond and c o n ta in in g
th e  Cr atom ; (4 ) w eakening o f  any p i-b o n d in g  in v o lv in g  th e  e q u a to r ia l
lig a n d  p i - o r b i t a l s  and th e  p i ( d  , d ) chromium o r b i t a l s ;  andxz yz
(5 ) s t r e n g th e n in g  o f  any p i-b o n d in g  in v o lv in g  e q u a to r i a l  l ig a n d s
and th e  d o r b i t a l ,  
xy
I f  th e  band w hich  o c c u rs  a t  18kK c o rre sp o n d s  to  th e
!dx 2_y2 ^Xy t r a n s i t i o n ,  th e  lODq v a lu e  sh o u ld  be e x p e c te d  to  have
2+a v a lu e  a p p r o p r ia te  to  f i t  w i th  th o se  o f  th e  c o rre sp o n d in g  VO
3+and MoO com plexes* G e n e ra lly , th e  lODq v a lu e  f o r  a  p lu s  th r e e  io n
i s  40-80% l a r g e r  th a n  t h a t  - f o r  a  p lu s  two i o n . . H ence, th e  lODq 
3+-v a lu e  f o r  CrO shou ld  be t h a t  much l a r g e r  th a n  th e  lODq v a lu e  of
2+th e  c o rre sp o n d in g  VO s p e c ie s .  L ik ew ise  from  a  3d to  a  4d t r a n s i t i o n
I
m e ta l th e  lODq v a lu e  f o r  a 4d t r a n s i t i o n  m e ta l i s  g e n e r a l ly  30-50%
la r g e r  th a n  t h a t  f o r  a  '.co rresp o n d in g  3d t r a n s i t i o n  m e ta l .  T h e re fo re ,
v e  shou ld  e x p e c t to  f in d  t h i s  in c r e a s e  i n  th e  lODq v a lu e  on changing 
3 + 3 +from  CrO to  MoO . The r e s u l t s  o f  t h i s  com parison  a re  g iv e n  in
T ab le  X I. I t  can  be seen  t h a t  th e  in c r e a s e  i n  lODq from  VO to  
3+CrO i s  a p p ro x im a te ly  53%; and  th e  in c r e a s e  i n  th e  lODq v a lu e  from
CrO to  MoO i s  n o t q u i te  a s  la rg e  a s  e x p e c te d  b u t i t  i s  c e r t a in l y
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n o t v e ry  much l e s s  th a n  30%.
TABLE XI
COMPARISON OF d 2 2 -  d TRANSITION OF THE CHLORO-COMPLEXES
x  -y  2$y 3+ 3+OF V0Z+, CrO AND MoO
S p e c ie s d o o «— dXy % I n c r e a s e R efe ren c e
2+V(T+ 1 1 ,7 5 0  cm"1 70
C r03+ 1 8 ,0 0 0  cm-1
53*
t h i s  w ork
Mo03+ 2 3 ,0 0 0  cm"*
28*
27
T h is  second  band , a t  18kK, was n o t  o b se rv ed  by G ray and
27H are in  th e  compound, (NH^)^CrOCl^* I t  i s  c u r io u s  and n o t a t  a l l  
u n d e rs to o d  why th e y  d id  n o t o b se rv e  t h i s  band in  th e  sp ec tru m  o f  th e  
s o l i d .
I n  th e  (E t^N ^C rO F ^ sp ec tru m  i n  N u jo l th e  second band i s
o b se rv e d  a t  14 .87kK . I f  th e  f i r s t  two a s s ig n m e n ts  o f  th e  bands
o b se rv e d  i n  th e  o x o c h lo ro c h r  ornate (V) s p e c ie s  a r e  c o r r e c t  th e  band
o b se rv e d  a t  14.87kK  f o r  th e  f lu o r o  com plex can n o t re a s o n a b ly  be
a s s ig n e d  to  th e  d o  o *- d t r a n s i t i o n .  I t  d oes n o t  fo llo w  t h a tx  y xy
th e  lODq v a lu e  f o r  a  f lu o r o  com plex sh o u ld  be l e s s  th a n  in  a  
c o r re s p o n d in g  c h lo ro  com plex . H ence, i t  seems re a s o n a b le  to  lo o k  
to  th e  n e x t low i n t e n s i t y  band i n  th e  sp ec tru m  o f  t h e . f l u o r o  com plex
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f o r  th e  d o  o »- d t r a n s i t i o n .  T h is  band o c c u rs  a t  22.33kK  and x ^ -y ^  xy
th e  a ss ig n m e n t o f  t h i s  band a s  th e  d 2 2 *- d t r a n s i t i o n  seems0  x ^ -y  xy
re a s o n a b le  from  th e  s ta n d p o in t  of th e  lODq v a lu e  f o r  th e  c h lo ro -
com plex. T h is  would make th e  lODq v a lu e  a b o u t 4kK l a r g e r  f o r  th e
f lu o ro -c o m p le x  and t h i s  does n o t seem o u t o f  L ine . The d i f f e r e n c e
2+o b se rv ed  f o r  th e  c o rre sp o n d in g  c h lo ro  and f lu o r o  com plexes o f  VO 
i s  3 .4 k K ^ .
F o r com parison  p u rp o se s  i t  i s  i n t e r e s t i n g  to  n o te  th e  
p o s i t i o n s  o f  th e  dx 2_y2 ♦“ ^Xy t r a n s i t i o n  f o r  th e  f lu o ro -c o m p le x e s  
o f V02+ and th e  Mo03+. T h is  d a ta  i s  t a b u la te d  in  T ab le  X I I .  I t
TABLE X II
COMPARISON OF d a 9 -  d TRANSITION OF THE FLUORO-COMPLEXES x^-y*  xy
OF V02+, Cr03+ AND Mo03+
S p e c ie s d o  0 ♦- d x z -y ^  xy % In c re a s e R eferen ce
vo2+
C r03+
15 ,400  cm-1  
2 2 ,3 3 0  cm-1
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t h i s  work
3+MoO 29,000 cm-1 *
30#*
-------
P r e d ic te d  h e r e .
2+ 34-can be seen  th a t  from  VO to  CrO th e  in c r e a s e  i n  lODq i s  a p p ro x im a te ly
2 -45%. U n fo r tu n a te ly  th e  band a ss ig n m e n ts  f o r  MoOF^ have n o t  been
re p o r te d  in  th e  l i t e r a t u r e .  The o n ly  s p e c t r a l  m easurem ents t h a t  have
2-
b een  done on w hat was b e l ie v e d  to  be th e  a n io n , MoOFej p r e s e n t  in
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73d i lu e n t  c r y s t a l s ,  w ere  r e p o r te d  by W entw orth and P ip e r  . They
re p o r te d  bands a t  1 2 .3 , 1 3 .1 , 2 1 .2  and 22.0kK . Assuming t h a t  th e
2 -  2 -lODq v a lu e  f o r  MoOF^ i s  30% g r e a t e r  th a n  f o r  CrOF^ due to  th e
f a c t , t h a t  one i s  g o in g  from  a 3d to  4d t r a n s i t i o n  m e ta l th e
2 -
d^2 y2  ^xy t-ra n s  otl ■ ^o r shou ld  o c cu r a t  a p p ro x im a te ly
29kK.
The t h i r d  band th a t  i s  o b serv ed  i n  each  o f  th e  o x o ch lo ro
com plexes o f chromium(V) o c c u rs  a t  a p p ro x im a te ly  22.5kK . In  th r e e
o f th e  compounds t h i s  band i s  n o t o b serv ed  in  a c e t o n i t r i l e  and in
th re e  o th e r s  i t  i s  o b se rv ed  o n ly  a s  a s h o u ld e r  (s e e  T ab le  V ). A
p o s s ib le  e x p la n a t io n  f o r  t h i s  i s  t h a t  th e  s t ro n g  band w hich  o ccu rs
a t  a p p ro x im a te ly  27kK i s  so in te n s e  th a t  i t  c o v e rs  th e  band a t  22,5kK.
The m olar e x t i n c t i o n  c o e f f i c i e n t  f o r  t h i s  band a p p ea rs  t o  be i n  th e
re g io n  o f  400-500 b u t  i t  may be much l e s s  th a n  t h i s  b ecau se  o f  th e
o v e r la p  o f  th e  in te n s e  band a t  a p p ro x im a te ly  27kK. T h is  band i s  much
more c l e a r l y  d e f in e d  i n  N u jo l and i s  o b se rv ed  in  a l l  c h lo ro  compounds
e x c e p t f o r  th e  Cs^CrOCl^ com plex. F o r some unknown re a s o n  th e  sp ec tru m
o f C ^C rO C l,. re a c h e s  a vmaximum a t  18kK and th e n  f l a t t e n s  o u t in  a
p la te a u  u n t i l  th e  s l i t  opens c o m p le te ly  ( s e e  F ig u re  5 ) .
T here a p p e a r  to  be a t  l e a s t  two p o s s i b i l i t i e s  f o r  th e
a ss ig n m e n t of t h i s  ban d . From th e  r a t h e r  low i n t e n s i t y  and from  th e
p o s i t i o n  o f  th e  band one p o s s i b i l i t y  t h a t  m ust c e r t a i n l y  be c o n s id e re d
i s  t h a t  i t  i s  th e  d -> «- d t r a n s i t i o n .  T h is  band, w hich was foundz^ xy *
a t  23.5kK  i n  (NH.)_CrOCl_ was a s s ig n e d  t o  th e  d o  o *- d t r a n s i t i o n  4 2 5 °  x* -y*  xy
^^W entw orth, R .A .D ., and P ip e r ,  T .S . ,  J .  Chem. P h y s . . 41 , 
3884 (1 9 6 4 ) .
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27by G ray and Hare ; b u t a s  was in d ic a te d  e a r l i e r  th e y  d id  n o t o b se rv e
th e  band a t  18kK w hich  i s  a s s ig n e d  h e re  to  th e  d o  o *- d t r a n s i t i o n .x * -y z xy
34Kon and S h a rp le s s  . , who o b serv ed  th e  band a t  18kK, d id  n o t  q u e s t io n
27th e  a ss ig n m en t by G ray and Hare o f  th e  23.5kK  band . However, to
e x p la in  t h e i r  ESR d e te rm in ed  g v a lu e s  s a t i s f a c t o r i l y  th e y  a s s ig n e d
th e  band a t  18kK to  a  ch arg e  t r a n s f e r  band i n  w hich  an  e l e c t r o n  in
a  f i l l e d  < j-o r b i ta l  i s  e x c i t e d  to  th e  h a l f - f i l l e d  d o r b i t a l .xy
A second p o s s i b i l i t y  f o r  th e  a ss ig n m e n t o f  th e  band a t  
22 .5kK  in  th e  c h lo ro  s p e c ie s  i s  a  charge  t r a n s f e r  t r a n s i t i o n  from  th e
lig a n d  to  th e  m e ta l ,  i . e . ,  c h lo r id e - to -c h ro m iu m . T h is  t r a n s i t i o n
a r i s e s  when one o f  th e  e l e c t r o n s  in  a f i l l e d  m o le c u la r  o r b i t a l  
( p r im a r i ly  a  l ig a n d  p i  o r b i t a l )  i s  e x c i te d  to  one o f th e  o r b i t a l s  
c o n s i s t in g  p r im a r i ly  o f  a  m eta l d o r b i t a l .  The p o s s i b i l i t y  a ls o  
e x i s t s  t h a t  th e  o r ig in  m ig h t be a m e ta l - to - l ig a n d  t r a n s i t i o n ,  b u t 
w i th  a p lu s  f iv e  charge on th e  chromium atom  a l r e a d y  t h i s  a p p e a rs  
u n l ik e ly .
F o r th e  moment l e t  us assume t h a t  th e  band a t  22.5kK  i s  th e
d^2 d t r a n s i t i o n  and assum e th e n  th e  fo llo w in g  th r e e  band
a ss ig n m e n ts :
< V W  «-----------d*y 12' 5kK
dx2 -y2 «----------- d*y 13kK
d ,  <----------- d 22.5KCxy
The f i r s t  m entioned  h y p o th e s is  can  th e n  be checked u n d e r th e  a ssu m p tio n  
t h a t  th e  s im p le  c r y s t a l  f i e l d  model h o ld s  by d e te rm in in g  v a lu e s  f o r
Dq, Ds, and S t  from  th e  e q u a tio n s  o f  B a llh au se n  and Gray . The 
e n e r g i e s  o f  th e s e  t r a n s i t i o n s  a re  g iv e n . in  te rm s o f th e  c o n s ta n ts  
Dq, Ds and Dt in  th e  fo l lo w in g  way:
(d ,d  ) <--------  d -3Ds + 5Dtyx* xz xy
d 2  9 <----------- d lODqx y xy
d o <----------  d lODq - 4Ds -  5Dtz z xy
The te rm s , Dq, Ds and D t ,a r e  fo rm u la te d  u s in g  a  c r y s t a l
73f i e l d  ap p ro a ch  so t h a t
Dq « l / 6 p f
Ds = l/7C 2p^y -  - p p
Dt = l /2 1 (2 p * y -  pl + -  p j “ )
n
w here pn = e q <•— —■—> . H ere , e r e p r e s e n ts  th e  e l e c t r o n i c  charge  and 
R
q th e  e f f e c t i v e  l ig a n d  c h a rg e , w h ile  R and r  a r e  used  t o  d e l in e a te  th e
m e ta l io n  to  l ig a n d  and th e  e l e c t r o n  to  m e ta l d i s t a n c e s ,  r e s p e c t iv e ly .
To in s u r e  t h a t  th e se  e q u a tio n s  a r e  c o n s i s te n t  w ith  e a r l i e r  fo rm u la tio n s
o f  Ds and Dt i t  need o n ly  be n o ted  th a t  i f  b o th  a x i a l  l ig a n d s  e x e r t
i d e n t i c a l  f i e l d s  th e  e q u a tio n s  red u ce  to  th e  fo rm  p r e d ic te d  by P ip e r  
74and C a r l in  f o r  th e  c e n t r i c  t e t r a g o n a l  f i e l d .  I f  a l l  o f  th e  l ig a n d s  
e x e r t  th e  same f i e l d  Ds and Dt become z e ro  and th e  e q u a t io n  f o r  Dq i s  
t h a t  o f  a r e g u la r  o c ta h e d r a l  c a s e .
(1 9 6 0 ).
^ P ip e r ,  T .S . ,  and C a r lin , R.L*, J . Chem. P h y s ., 33 , 1208
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One s i g n i f i c a n t  p r e d ic t io n  i s  s t r e s s e d  by W entw orth and
73P ip e r  : Ds and Dt shou ld  b o th  be n e g a t iv e  q u a n t i t i e s .  Such a  
p r o p o s a l  fo llo w s  from  th e  assu m p tio n  o f  th e  g r e a t  im p o rtan ce  o f  th e  
f i e l d  o f  th e  lone oxygen. Under th e s e  c irc u m s ta n c e s  m ust be
l a r g e r  th a n  th e  o th e r  te rm s . The r e l a t i v e  o rd e r  o f  m agnitude i s  g iv en
3 “ 2J"J“ Z” XVi n  t h e i r  p ap e r (w hich  d e a l t  w ith  VOCl^ ) a s  fo l lo w s : p^ »  ~  p ■7 .
H ence, i t  fo llo w s  t h a t  Ds and D t sh o u ld  be n e g a t iv e .
Sim ple a lg e b r a ic  s o lu t io n  o f th e  above e q u a tio n s  y ie ld
Dq = 1.8kK , Ds = -2 .4kK  and Dt = l . l k K .  S in ce  Dt i s  a  p o s i t i v e  te rm
t h i s  seems to  e l im in a te  th e  p o s s i b i l i t y  o f  a s s ig n in g  th e  band a t
22.5kK  to  th e  d z 2  t r a n s i t i o n  assum ing  t h a t  th e  f i r s t  two
a ss ig n m e n ts  a re  c o r r e c t .
At t h i s  p o in t  i t  w i l l  be assum ed th a t  th e  band a t  22.5kK i s
a  charge  t r a n s f e r  t r a n s i t i o n .  Two p ro p o s a ls  have been made c o n ce rn in g
th e  f i l l e d  m o le c u la r  o r b i t a l  h a v in g  th e  h ig h e s t  en erg y  i n  oxochroraium(V)
27s p e c ie s :  Gray and H are su g g es te d  a p i  l e v e l  a s s o c ia te d  w i th  th e
34oxo group was h ig h e s t  in  energ y  w h ile  Kon and S h a rp le s s  p ro p o sed  a
sigm a l e v e l  a s s o c ia te d  w ith  bond ing  o f  th e  p la n a r  l ig a n d s .  A t h i r d
75 34-p o s s i b i l i t y ,  w hich  was p roposed  by A l le n  e t  a l .  f o r  MoO s p e c ie s ,  
in c lu d e s  a  p i  c h lo ro  l e v e l  a s  th e  h ig h e s t  f i l l e d  m o le c u la r  o r b i t a l .
A lle n  e t  a l . ~̂* o f f e re d  c o n s id e ra b le  ev id en ce  f o r  t h e i r  
d is a g re e m e n t w ith  th e  G ray-H are schem e. These w o rk ers  p re p a re d  and
^ A l l e n ,  E .S . ,  B irsd o n , B . J . , Edw ards, D .A ., E ow les, G .W .A., 
and  W illia m s , R .G ., J .  Chem. S o c . . 4649 (1 9 6 3 ) .
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p erfo rm ed  s p e c t r a l  m easurem ents on a number o f  o x o ch lo ro m o ly b d a te s(V ), 
oxobrom om olybdates(V ), and o x o c h lo ro tu n g s ta te s (V ) . Some o f  th e s e  
r e s u l t s  a r e  shown In  T ab le  X I I I .
TABLE X II I
VISIBLE-UV SPECTRAL DATA FOR SOME OXOHALIDE COMPLEXES 
OF Mo(v) and W(v) (REFERENCE 75)
Complex Phase Peak P o s itio n (k K ) (M olar e x t i n c t i o n  c o e f f i c i e n t  in  p a re n th e s e s )
M^MoOCl^ aq • HC1 1 4 .1 0 (1 1 ) ;  2 2 .4 2 (1 0 ) ;  2 8 .0 1 (5 7 0 ) ; 
3 2 .2 6 (5 3 0 0 ) ; 4 0 .0 0 (3 6 0 0 )
M^MoOBr aq  • HBr 1 4 .2 9 (7 ) ;  2 1 .2 8 (5 6 0 ) ; 2 4 .10 (3200) 
2 6 .5 3 (2 5 .0 0 )
m^woci5 aq  • HC1 1 4 .2 0 (2 9 ) ;  2 5 .1 9 (1 6 ) ;  3 2 .7 9 (5 0 0 ) ; 
3 7 .1 7 (2 7 0 0 ) ; 44 .4 4 (3 0 0 0 )
2 -  2 -As one can o b serv e  from  T ab le  X I I I  b o th  th e  MoOCl^ and WOC1,. s p e c ie s
have v e ry  s im i la r  s p e c t r a  in  t h a t  th e r e  a r e  two low i n t e n s i t y  bands
fo llo w ed  by th re e  bands a t  h ig h e r  e n e rg y  w hich  a re  much more in t e n s e .
75A lle n  e t  a l .  a s s ig n e d  th e  f i r s t  two bands to  l ig a n d  f i e l d  t r a n s i t i o n s ,
27s im i la r  to  th e  Gray and Hare a s s ig n m e n ts , and th e  th r e e  bands a t  h ig h e r  
e n e rg y  a s  c h a rg e  t r a n s f e r  in  o r i g i n .  N ote t h a t  th e  f i r s t  band in  b o th  
th e  molybdenum and tu n g s te n  com plexes o ccu rs  i n  a lm o s t th e  e x a c t same 
p o s i t i o n .  T h e re fo re , u s in g  th e  G ray-H are schem e, i t  fo llo w s  t h a t  th e  
b -» e*  e n e rg y  gap i s  th e  same i n  b o th  com plexes. I f  t h i s  w ere t r u e
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one m ight ex p ec t l i t t l e  d i f f e r e n c e  in  th e  en erg y  l e v e l  o f  th e  e^
o r b i t a l  in  b o th  com plexes. T h e re fo re  th e  f i r s t  two charge  t r a n s f e r
bands m ight be e x p ec te d  to  o ccu r a t  a b o u t th e  same freq u e n cy  f o r  
2 -  2 -MoOCl,. and W0C1,. . However, a s  one can  n o te  from  T ab le  X I I I  a l l  
th r e e  ch arg e  t r a n s f e r  bands f o r  th e  tu n g s te n  com plex b lu e  s h i f t  by 
4000-5000 cm . The in c re a s e  in  th e  second band would be e x p ec te d  
becau se  o f  th e  in c re a s e  in  lODq when moving down a  fa m ily  in  th e  
t r a n s i t i o n  m e ta ls  b u t th e  la rg e  e n e rg y  s h i f t  i n  th e  f i r s t  two charg e  
t r a n s f e r  bands i s  i n e x p l i c i b l e  in  te rm s o f th e  G ray-H are schem e. I f
th e  same re a so n in g  i s  a p p l ie d  i n  com paring th e  p o s i t i o n  o f  th e  bands
2 -  2 -  i n  MoOCl,. t o  th o se  o f  MoOBr,. i t  i s  a g a in  e v id e n t  t h a t  th e  d a ta  i s
i r r e c o n c i l a b l e  w ith  th e  G ray-H are p ro p o s a l .
76A lso , H orner and T yree  have n o ted  a g r e a t  s i m i l a r i t y  in  
th e  charg e  t r a n s f e r  bands o f  MX̂  and MOX̂  (w here M = Nb, Mo, o r  W 
and X = Cl o r B r ) . They su g g es ted  t h a t  t h i s  s i m i l a r i t y  was d i f f i c u l t  
t o  e x p la in  u n le s s  th e  t r a n s i t i o n  in v o lv e d  m o le c u la r  o r b i t a l s  w ith  
c o n s id e ra b le  h a lo g en  c h a r a c te r .
34 77The second p ro p o s a l p re s e n te d  by Kon and S h a rp le s s  *
p la c e d  a  a - l e v e l  o r b i t a l  a s  th e  h ig h e s t  en erg y  f i l l e d  bonding  m o le c u la r
2 -  2 -  o r b i t a l  f o r  the  CrOCl^ s p e c ie s  as  w e l l  a s  f o r  MoOCl^ s p e c ie s .  They
p o in t  o u t t h a t  th e  m eta l-o x y g en  bond i s  v e ry  im p o r ta n t and t h a t  th e
s t r e n g th  o f  th e  m e ta l-h a lo g e n  bond i s  c o r re s p o n d in g ly  weak so t h a t
76, Horner, S.M., and Tyree. S .Y ., J r . ,  Inorg. N u cl. Chem. 
L e t t e r s . 1 ,  43 (1 9 6 5 ) .
77Kon, H ., and Sharpless , N .E ., J . Chem. E hvs.. 70, 105 (1966).
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e x c i t in g  an e l e c t r o n  from  a a -b o n d in g  h a lo g en  o r b i t a l  w i l l  r e q u ir e
l e s s  e n e rg y  th a n  th e  t r a n s i t i o n  from  th e  p i  l e v e l s .  T h is  s u g g e s t io n
75i s  c o n s i s t e n t  w ith  th e  o b s e r v a t io n s  o f  A l le n ,  e t  a l .  b u t i t  does
n o t e x p la in  th e  s i m i l a r i t y  in  th e  ch arg e  t r a n s f e r  s p e c t r a  o f MXg and 
2 -
MOX̂  . I f  Kon and S h a rp le s s  a re  c o r r e c t ,  th e  ab sen ce  o f th e  oxo
group  sh o u ld  drop  th e  a -b o n d in g  l e v e l  to  low er e n e rg y  and cau se  a
s i g n i f i c a n t  change in  th e  s p e c t r a .
I f  th e  p i  o r b i t a l s  from  th e  c h lp ro  g roup  a re  h ig h e s t  in
en erg y  a l l  o f  th e  p rob lem s I n d ic a te d  above seem to  be a v o id e d .
T h e re fo re ,  i t  a p p e a rs  t h a t  th e  m ost r e a s o n a b le  c o n c lu s io n  on th e
b a s i s  o f  a v a i l a b le  e v id e n c e  i s  t h a t  th e  t h i r d  band a t  22.5kK  i s  a
c h a rg e  t r a n s f e r  t r a n s i t i o n  i n  w hich  an  e l e c t r o n  i s  e x c i te d  from  a
c h lo r in e  p i - o r b i t a l  to  th e  d o r b i t a l  o f  th e  chromium atom . r  xy
I t  seems r e a s o n a b le  a t  t h i s  p o in t  to  a s s ig n  the , band a t
15kK i n  th e  sp ec tru m  o f  (Et^N ) gCrOF t. to  th e  same ty p e  o f t r a n s i t i o n ,
b u t  h e re  from  a f lu o r in e  p i - o r b i t a l  t o  th e  d o r b i t a l  o f  th exy
chromium atom . I n i t i a l l y ,  i t  a p p e a rs  t h a t  th e  e l e c t r o n e g a t i v i t y  
o r d e r ,  w hich  i s  F >  C l , sh o u ld  be fo llo w ed  in  a s s ig n in g  th e  charg e  
t r a n s f e r  b a n d s , b u t th e  second th o u g h t i s  t h a t  t h i s  i s  m is le a d in g  
when a p p l ie d  t o  o p t i c a l  ch arg e  t r a n s f e r .  S in ce  i t  would m ost l i k e l y  
be th e  h ig h e s t  f i l l e d  p i - o r b i t a l  o f  th e  lig a n d  from  w hich e l e c t r o n  
t r a n s f e r  from  lig a n d  to  m e ta l in  th e  lo w e st e n e rg y  ch arg e  t r a n s f e r  
t r a n s i t i o n  would o c c u r , i t  would seem p e r t i n e n t  to  know th e  r e s p e c t iv e  
e n e r g ie s  o f  th e s e  p i - o r b i t a l s  f o r  th e  f l u o r id e  and c h lo r id e  i o n s .  The 
v a le n c e  s h e l l  io n i z a t io n  e n e r g ie s  (V S IE 's) from  th e  2p and 3p o r b i t a l s
I l l
7 8  79o f  f l u o r id e  and c h lo r id e  io n s  have been  c a lc u la te d  ’ . T hese v a lu e s ,
in  kK u n i t s ,  a r e :
F" < C l"
2 1 .9  2 4 .3
From th e  o rd e r  o f th e  V S IE 's  i t  i s  re a so n a b le  t h a t  th e  f i r s t  charge
t r a n s f e r  band in  th e  f lu o r o  com plex shou ld  o c cu r a t  a  low er energ y
70th a n  i n  th e  c h lo ro  com plex. P io v e sa n a  and S e lb in  a s s ig n e d  th e  f i r s t
c h a rg e  t r a n s f e r  band i n  a  s e r i e s  o f  v an ad y l com plexes o f  g e n e ra l  
n4*fo rm u la  VOX,, and n o te d  th a t  th e  o rd e r  o f t h i s  s e r i e s  co rre sp o n d ed  
to  th e  o rd e r  of th e  VSIE’s o f  F , C l , and b^O w hich  w ere th e  o n ly  
l ig a n d s  o f  th e  s e r i e s  w here th e  V S IE 's  w ere  known. T h e re fo re  th e  
a ss ig n m e n ts  made h e re  f o r  th e  Cr(V) com plexes le n d  a d d i t i o n a l  su p p o rt 
f o r  t h e i r  a ss ig n m e n ts  o f  th e  v a n a d y l com plexes.
The n e x t band in  th e  v i s i b l e - u v  s p e c t r a  o f th e  o x o c h lo ro - 
chrom ate(V ) com plexes o c c u rs  from  25-30kK and i s  s p l i t  v e ry  s h a rp ly  
i n t o  a  s e r i e s  o f bands u s u a l ly  s e p a ra te d  from  one a n o th e r  on th e
o rd e r  o f  600-900 cm A c o rre sp o n d in g  t r a n s i t i o n  i s  o b se rv ed  in
\
th e  sp ec tru m  o f  th e  f lu o ro -c o m p le x  from  2 7 .3 0 -3 1 .50kK and i s  s p l i t  i n
a  s im i la r  manner to  th e  band in  th e  c h lo ro  co m p lex es . T h is  s p l i t t i n g
i s  o b se rv ed  o n ly  in  s o lu t io n  f o r  th e  c h lo ro  com plexes b u t o c c u rs  b o th
in  th e  s o l id  s t a t e  and i n  s o lu t io n  f o r  th e  f lu o r o  com plex. The m olar
e x t i n c t i o n  c o e f f i c i e n t s  f o r  th e  c h lo ro -c o m p le x es  a r e  1-500 o r  l e s s  in
a c e t o n i t r i l e  e x c e p t f o r  Cs„CrOCl_ w here th e  v a lu e  i s  7550 w h ile  th e2 5
78 1 '
C usachs, L .C . ,  and R ey n o ld s, J .W ., J .  Chem. P h y s . . 4 3 , S160
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v a lu e  f o r  th e  flu o ro -c o m p lex  i s  8 6  i n  a c e t o n i t r i l e .
One p o s s i b i l i t y  f o r  th e  a ss ig n m en t o f t h i s  band m ust be th e
d -> ♦- d t r a n s i t i o n .  The m olar e x t in c t io n  c o e f f i c i e n t  seeips z^  xy y
r e l a t i v e l y  la r g e  f o r  a d -d  t r a n s i t i o n  b u t in  t h i s  case  some in c re a s e
i n  i n t e n s i t y  would be ex p ec ted  b ecau se  o f th e  v ib ra tio n a jL  s p l i t t i n g .
The e f f e c t  o f a  s i x t h  l ig a n d  on t h i s  t r a n s i t i o n  i s  d i f f i c u l t
t o  a n a ly z e . On th e  one hand a  s i x t h  l ig a n d  sh o u ld  cause  a w eakening
o f  th e  C r-0  o-bond w hich would te n d  to  low er th e  en e rg y  o f  t h i s
t r a n s i t i o n  s in c e  th e  dz 2 o r b i t a l  i s  p r im a r i ly  in v o lv e d  i n  th e  C r-0
o -b o n d . However, a  weak o-bond i s  e x p ec te d  to  form  w ith  th e  s i x t h
lig a n d  and t h i s  would te n d  to  r a i s e  th e  e n e rg y  o f  th e  d n *- dz^ xy
t r a n s i t i o n .  U n fo r tu n a te ly , the  e f f e c t  o f th e  s i x t h  l ig a n d  on t h i s
t r a n s i t i o n  c an n o t be o b serv ed  in  th e  ch lo ro -co m p lex  b ecau se  t h i s  band
i s  n o t o b se rv ed  i n  th e  s o l id  s t a t e  and a s  was m en tioned  p re v io u s ly
2 -
th e  CrOCl^ and CrOCl,. s p e c ie s  a re  a p p a r e n t ly  v e ry  s im i la r  i n  s o lu t io n
2 -
b e ca u se  o f  th e  re a d y  io n iz a t io n  o f a  c h lo r id e  i n  th e  CrOCl^ s p e c ie s .
However, i n  th e  f lu o r o  com plex t h i s  band i s  o b se rv ed  in  b o th  th e  s o l id
and s o lu t io n .  As one can see  from  T ab le  V th e  p o s i t i o n  o f t h i s  band i s
e s s e n t i a l l y  th e  same so th a t  i t  a p p e a rs  t h a t  th e  two o p p osing  a f f e c t s
2 -
e s s e n t i a l l y  c a n c e l each  o th e r .  T h is  i s  assum ing  th a t  th e  CrOF^ s p e c ie s
2 -
io n iz e s  s im i la r  to  th e  CrOCl^ s p e c ie s .  In  com paring th e  c h lo ro  s p e c ie s  
t o  th e  c o rre sp o n d in g  f lu o ro -c o m p le x , t h i s  band i s  b lu e - s h i f t e d  s l i g h t l y  
i n  th e  f lu o r o  compound. T h is  i s  t o  be e x p e c te d  b ecau se  o f th e  s t r o n g e r  
o-bond t h a t  would form  betw een  th e  f lu o r id e  and th e  chromium a s  
compared t o  th e  C r-C l o -bond .
The s p l i t t i n g  o f  t h i s  band m ust be due to  a  v i b r a t i o n a l
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p r o g r e s s io n .  T h is ,  a g a in ,  cou ld  be due  tp  th e  C r-0  s t r e t c h i n g  
f re q u e n c y  w h ich  in  th e  ground s t a t e  i s  around  950 era , b u t w h ich  i s  
u n d o u b te d ly  low ered  by a  few  hundred  cm ^ i n  th e  e l e c t r o n i c  e x c i t e d  
s t a t e  o f  th e  m o le c u le . T h is  v i b r a t i o n a l  p r o g r e s s io n  due to  th e  
C r-0  s t r e t c h i n g  mode w ould n o t be u n ex p ec ted  i n  th e  d^2 *" d t r a n s i t i o n  
s in c e  th e  oxygen l i e s  a lo n g  th e  z a x i s .
26I n  u s in g  th e  e q u a t io n s  o f  B a llh a u s e n  and G ray th e  v a lu e s
c a l c u l a t e d  f o r  th e  c h lo ro -c o m p le x  f o r  Ds and D t a r e  -2 .8kK  and
-t0.82kK  w h ile  th o s e  f o r  th e  f lu o r o  com plex a r e  -2 .1 k K  and + 0 .32kK ,
r e s p e c t i v e l y .  As w as i n d ic a te d  e a r l i e r  th e s e  v a l u e s ,  a s  was em phasized
73by W entw orth  and P ip e r  , sh o u ld  be n e g a t iv e .  H ow ever, th e  b a s i c
a ssu m p tio n  in v o lv e d  w as t h a t  th e  c r y s t a l  f i e l d  m odel was a p p l i c a b l e .
C r y s ta l  f i e l d  th e o ry  i s  s o l e l y  e l e c t r o s t a t i c  i n  n a tu re  and d o es  n o t
p ro v id e  an y  avenue f o r  th e  i n t r o d u c t i o n  o f c o v a le n t  b o n d in g . The
0 -b o n d in g  b e tw een  th e  m e ta l  and th e  oxo group  i s  p re d o m in a n tly  by
means o f  th e  m o le c u la r  o r b i t a l  w h ich  h a s  th e  d 2 m e ta l  o r b i t a l  a s  anz
im p o r ta n t  com ponent. S im i l a r ly  a  m o le c u la r  o r b i t a l  composed p a r t i a l l y
o f th e  d and  d m e ta l  o r b i t a l s  i s  th e  p r i n c i p l e  so u rc e  o f  p i-b o n d in g
35b e tw een  th e  two g ro u p s . Kon and S h a rp le s s  have  p r e v io u s ly  in d ic a te d
t h a t  t h e r e  i s  c o n s id e r a b le  p i-b o n d in g  betw een  th e  c h lo r id e s  and  th e
2 -
chrom iura a tom  in  th e  CrOCl,. s p e c ie s  in c lu d in g  b o th  th e  a x i a l  and 
e q u a t o r i a l  c h lo r id e s .  T h e r e f o r e ,  i t  i s  d i f f i c u l t  to  a s c e r t a i n  w hat 
s o r t  o f  a f f e c t  sh o u ld  be e x p e c te d  on  th e  d ^  o r b i t a l .  On t h i s  b a s i s  
i t  does n o t  a p p e a r  t h a t  th e  s im p le  c r y s t a l  f i e l d  m odel can b e  a p p l ie d  
w i th o u t  a  g r e a t  d e a l  o f  u n c e r t a in t y  i n  th e  v a lu e s  o b ta in e d  f o r  Ds and
1H
D t. Ilence, i t  seems re a s o n a b le  to  a s s ig n  t h i s  band to  th e  d o •- dz * xy
t r a n s i t i o n .
A nother p o s s i b i l i t y  th a t  can n o t be ru le d  o u t i s  a  h ig h e r
e n e rg y  charge  t r a n s f e r  band such  as  th e  e*  «- t r a n s i t i o n .  V anquickenborne 
80and McGlynn p r e d ic te d  t h i s  t r a n s i t i o n  to  be p o la r iz e d  a lo n g  th e  z a x i s .  
H ence, one m ight a ls o  e x p e c t to  o b se rv e  a v i b r a t i o n a l  s p l i t t i n g  o f t h i s  
band due to  th e  C r-0  v i b r a t i o n a l  s t r e t c h i n g  f re q u e n c y . T h e re fo re , i t  
i s  n o t p o s s ib le  to  r u l e  o u t th e  e*  «- e ^  t r a n s i t i o n  a s  th e  one o c c u r r in g  
in  th e  ra n g e  25-30kK.
(C) Hydroxy Acid Complexes o f Cr(V)
P r i o r  to  t h i s  work th e r e  w ere  no compounds i s o l a t e d  th a t  
3+c o n ta in e d  th e  CrO s p e c ie s  o th e r  th a n  th e  c h lo ro  and f lu o r o  com plexes.
The e le m e n ta l  a n a ly s e s  o f  th e  new compounds p re p a re d  h e re  co rre sp o n d
to  th e  e m p ir ic a l  fo rm u la  C s^ C rO ^ B jC l^ , w here AB r e p r e s e n ts  th e  hydroxy
a c id .  The hydroxy a c id s  t h a t  y ie ld e d  i s o l a b l e  com plexes a r e  t a r . t a r l c
a c id ,  hydroxy m a lo n ic  a c id ,  and m a lic  a c id .  T here  may be some q u e s t io n
a s  to  w h e th e r th e s e  compounds a re  a c t u a l l y  Cr(V) s p e c ie s  (d^ system )
2o r  C r(IV ) s p e c ie s  (d system ) b ecau se  o f  th e  h ig h  m ag n e tic  s u s c e p t i b i l i t i e s
o f  th e s e  com plexes ( s e e  T ab le  V I I ) .  The v a lu e s  f o r  th e  m agnetic
2
moments a r e  in  th e  ran g e  e x p ec te d  o f a d sy stem , a s  c a lc u la te d  from
th e  s p in - o n ly  fo rm u la . I f  one w ere to  in c lu d e  th e  o r b i t a l  c o n t r ib u t io n*
i n  a d̂ " sy stem  th e  c a lc u la te d  v a lu e  would ^ r ise  to  3 .0 0  B.M. However, 
s in c e  th e  d o r b i t a l s  i n  t h i s  ty p e  o f  com plex a re  most c e r t a i n l y  n o t 
d e g e n e ra te  th e  o r b i t a l  c o n t r ib u t io n  to  th e  m ag n etic  moment sh o u ld  be
80 • •V an q u ick en b o rae , L .G ., and McGlynn, S .P . ,  T h eo r. chlm . A c ta .
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reduced  c o n s id e ra b ly  i f  n o t  co m p le te ly  quenched.
O th e r th an  th e  m ag n etic  s u s c e p t i b i l i t y  v a lu e s ,  a l l  o th e r
p h y s ic a l-c h e m ic a l  ev id en ce  p o in ts  to  a  C r(V ) s p e c ie s  (d^ sy s te m ). T h is
ev id en ce  in c lu d e s  th e  fo l lo w in g  d a ta :  (1 )  For a  com plex o f  th e
fo rm ula  Cs2CrO(AB)Cl3 th e  hydroxy a c id  h a s  to  lo s e  two p ro to n s
r a th e r  th a n  j u s t  one as  i t  would fo r  a  C r(IV ) s p e c ie s  and t h i s  i s
w hat would be ex p ec ted  f o r  a  d ic a r b o x y l ic  a c id  such  a s  t a r t a r i c  a c i d ,
hydroxy m a lo n ic  a c id ,  o r  m a l ic  a c id .  (2 )  I f  a  C r(IV ) sp e c ie s  i s
form ed p resu m ab ly  th e  h y d ro x y ,a c id  w ould have to  r e a c t  a s  a  re d u c in g
a g e n t s in c e  th e  s t a r t i n g  m a te r ia l  i s  a  Cr(V) com plex and i t  seems
u n l ik e ly  t h a t  i t  would re d u c e  the  chrom ium  on ly  to  a  p lu s  fo u r  s t a t e
r a t h e r  th a n  th e  much more s t a b l e  C r ( I I I )  s p e c ie s .  (3 ) The com plexes
g iv e  a v e ry  good ESR s ig n a l  (s e e  F ig u re  1 6 ) . A cco rd in g  to  C o tto n  and 
81W ilk in so n  th e r e  has b e e n  o n ly  s l i g h t  s u c c e s s  a t  o b se rv in g  ESR 
re so n an ce  u n d e r any e x p e r im e n ta l  c o n d i t io n s  f o r  p a ra m a g n e tic  io n s  
h av in g  an  ev en  number o f  e l e c t r o n s .  Of c o u rse  t h e r e  rem ains th e  
p o s s i b i l i t y  t h a t  th e  p ro d u c t  o b ta in e d , f o r  example fro m  t'Lc r e a c t i o n  
w i th  t a r t a r i c  a c id ,  cou ld  be co n tam in a ted  w ith  some C s^ rO C l^  w h ich  
was used a s  a  s t a r t i n g  m a t e r i a l .  H ow ever, i f  one com pares th e  ESR 
spec trum  o f  Cs^CrOCl^ w i th  t h a t  o f Cs2C r O ( ta r t ) C l3  th e  ESR s ig n a l  i s  
found to  be much b ro ad e r f o r  Cs2C r ( t a r t ) C l 3  and l ik e w is e  the  (g )  
v a lu e s  a r e  s i g n i f i c a n t l y  d i f f e r e n t  ( ( g )  = 1 .988 f o r  C s^ rO C l^  and 
(g )  = 1 .969  f o r  Cs2C r O ( ta r t ) C l3) . T h e re fo re ,  t h i s  seem s to  r u le  o u t
81 C o tto n , F .A .,  and W ilk in so n , G .,  "Advanced In o rg a n ic  
C h em is try " , I n te r s c ie n c e  P u b l i s h e r s ,  New Y ork , 196 6 .
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th e  Gr(IV) p lu s  c o n ta m in a tio n  a rg u m en t. (4 ) The C r-0  band in  th e  
in f r a r e d  s p e c t r a  o f  th e s e  com plexes has s h i f t e d  v e ry  l i t t l e  i f  any 
from  i t s  p o s i t i o n  in  th e  Cr(V) com plex, Cs^CrOCl^* A lth o u g h  t h i s  band 
i s  n o t p a r t i c u l a r l y  s e n s i t iv e  to  changes in  th e  ty p e  o f l ig a n d  
c o o rd in a te d  to  th e  m e ta l , i t  seem s re a s o n a b le  to  assum e th e r e  shou ld  
be some o b s e rv a b le  change in  th e  p o s i t i o n  o f  t h i s  band i f  th e r e  w ere a  
change in  o x id a t io n  s t a t e  of th e  m e ta l .  (5 ) F i n a l l y ,  th e  v i s i b l e -  
u l t r a v i o l e t  s p e c t r a  o f  th e se  com plexes a re  a l l  s im i la r  and seem t o  f i t  
n i c e l y  in to  th e  p a t t e r n  o f a ss ig n m e n ts  made f o r  th e  f lu o r o  and ch lo ro  
com plexes.
An a t te m p t  t o  e s t a b l i s h  th e  o x id a t io n  s t a t e  o f th e  chromium
by w et chem ical a n a ly s i s  was n o t s u c c e s s f u l .  A known am ount o f  complex
was d is s o lv e d , in  a  s ta n d a rd iz e d  s o lu t io n  o f  Fe(NH^)2 ^ 0 ^ )  2 * w ith
2+th e  e x c e ss  Fe ( t h a t  was not r e q u i r e d  f o r  r e d u c t io n  o f th e  complex)
b e in g  d e te rm in ed  by  t i t r a t i o n  w i th  a  s ta n d a rd  s o lu t io n  o f  K^Cr^O^,
u s in g  d ip h en y lam in e  sodium  s u l f o n a te  as  an  i n d i c a t o r .  However, th e
2 -hydroxy  a c id  p r e s e n t  in  th e  com plex re d u c es  some o f  th e  a l s o ,
and th e  amount t h a t  i t  re d u c es  seem s to  be a  f u n c t io n  o f  th e
24-c o n c e n tr a t io n  o f  th e  Fe . T h e re fo re  no r e l i a b l e  c o n c lu s io n s  could  
be drawn from  t h i s  method f o r  d e te rm in in g  th e  o x id a t io n  s t a t e  o f  th e  
m e ta l .  S ince  a l l  o f  th e  e v id en c e  accum ula ted  o th e r  th a n  th e  m agnetic  
moment d a ta  p o in t s  t o  a  Cr(V) s p e c ie s ,  i t  w i l l  be assumed t h a t  th e se  
a r e  in d eed  Cr(V) com plexes o f  th e  fo rm u la , Cs^CrOCAEjCl^.
1 . I n f r a r e d  S p e c tra
The i n f r a r e d  sp ec tru m  o f each  o f  th e  hydroxy  a c id  com plexes
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h as a s t ro n g  band I n  th e  ran g e  935-950 cm T h is  I s  th e  r e g io n , a s  
was m entioned  p r e v io u s ly ,  w here one e x p e c ts  to  f in d  th e  C r-0  s t r e t c h i n g  
mode f o r  an oxochroraium(V) s p e c ie s .  H ence, s in c e  th e  band i s  no t a  l ig a n d  
band i t  seems re a s o n a b le  t o  assum e t h a t  t h i s  band i s  i n  f a c t  th e  C r-0  
s t r e t c h i n g  v i b r a t i o n .  Assum ing t h a t  th e  a x i a l  p o s i t i o n  i s  o ccu p ied  
by a  c h lo r id e  io n  one w ould n o t e x p e c t th e  C r-0  s t r e t c h i n g  freq u e n cy  
to  change v e ry  much in  go ing  from  CSgCrOCl^ to  Cs2C r 0 ( t a r t ) C l3 com plex.
Bach o f th e  hydroxy a c id  com plexes has a  s t ro n g  band i n  
th e  r e g io n  330-345 cm w hich  i s  th e  o n ly  s t ro n g  band o b serv ed  in  th e  
300-600 cm ^ ra n g e .  T h e re fo re  one can  f e e l  r a t h e r  c o n f id e n t  in  
a s s ig n in g  t h i s  band to  a  C r-C l s t r e t c h i n g  v i b r a t i o n .  T h is  d a ta  i s  
sum m arized in  T ab le  XIV.
TABLE XIV
STRETCHING FREQUENCIES ASSIGNED FOR THE HYDROXY ACID COMPLEXES
OF OXOCHROMIUM(V) (cm"1)
Compound C r-0 C r-C l
Cs2C r O ( ta r t ) C l3 945a 345
Cs2CrO(C3H205) C l3 950 330
Cs2CrO(W 6 ) C l3 935 335
Bands o b ta in e d  from  N u jo l m u lls  u s in g  C s l o p t i c s .
A number o f  low i n t e n s i t y  bands a r e  o b se rv ed  in  each  o f th e
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"*1 65new com plexes in  th e  ra n g e  430-630 cm . As e x p la in e d  by Nakamota
th e r e  a r e  two ty p e s  o f  bands t h a t  one can o b se rv e  in  t h i s  re g io n  f o r  
t h i s  ty p e  o f  com plex. The f i r s t  i s  a  C r-O (c h e la te )  s t r e t c h i n g  v ib r a t i o n  
and th e  second i s  a  r i n g  d e fo rm a tio n  v i b r a t i o n  w hich  u s u a l ly  a p p e a rs  
a t  a  s l i g h t l y  h ig h e r  fre q u e n c y  b u t w ith  a p p ro x im a te ly  th e  same 
i n t e n s i t y  a s  th e  C r-O (c h e la te )  s t r e t c h i n g  v i b r a t i o n .  S in ce  th e  bands 
observ ed  i n  t h i s  r e g io n  in  th e  hydroxy a c id  com plexes a r e  a l l  e x tre m e ly  
weak no a t te m p t w i l l  be made to  make d e f i n i t e  a ss ig n m e n ts  o f  th e s e  
b a n d s . I t  w i l l  have to  s u f f i c e  to  say  t h a t  th e s e  weak bands a re  
caused  by th e  C r-O (c h e la te )  s t r e t c h i n g  v i b r a t i o n  and th e  r in g  
d e fo rm a tio n  f re q u e n c y .
One o th e r  p o in t  o f i n t e r e s t  i n  t h e  in f r a r e d  s p e c t r a  o f each
o f th e  hydroxy  a c id  com plexes i s  t h a t  two bands a r e  observ ed  in  th e
c a rb o n y l s t r e t c h i n g  r e g io n .  In  each  case  one band i s  lo c a te d  a t  
th e  same p o s i t i o n  a s  i n  th e  n o n -c o o rd in a te d  hydroxy a c id  i t s e l f .  The 
second o c c u rs  a t  a  s l i g h t l y  h ig h e r  f re q u e n c y  i n  each  c a se  ( i n  th e  ran g e  
o f  1590-1635 cm ^ ) . A p p a re n tly  th e  second c a rb o n y l band i s  due to  th e  
c o o r d in a t io n  o f th e  c a rb o n y l ( th ro u g h  th e  oxygen) to  th e  chromium.
A lth o u g h  th e r e  i s  no d i r e c t  e v id e n c e  a s  to  how th e  hydroxy
a c id  i s  c o o rd in a te d  to  th e  m e ta l ,  i t  i s  n e v e r th e le s s  i n t e r e s t i n g  to  
s p e c u la te  on t h i s  p o i n t .  Assum ing t h a t  th e  hydroxy a c id  has a n e g a tiv e  
two ch arg e  when c o o rd in a te d  (w hich  i t  m ust have i f  th e  chromium i s  
in  a  p lu s  f i v e  o x id a t io n  s t a t e  and th e  m o le c u la r  fo rm u la  c o rre sp o n d s  
to  Cs2C r O ( ta r t ) C l2 ) th e r e  a r e  s e v e r a l  ways f o r  c o o rd in a t io n  to  ta k e  
p la c e .  I f  th e  hydroxy  a c id  h as  a  n e g a tiv e  two ch a rg e  when c o o rd in a t in g ,
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i t  i s  l o g i c a l  to  assume t h a t  i t  i s  a c t in g  a s  a  b id e n ta te  l ig a n d .
The f i r s t  p o s s i b i l i t y  i s  c o o r d in a t io n  th ro u g h  th e  two c a rb o x y l g roups 
s in c e  th e y  shou ld  lo s e  t h e i r  p ro to n s  much more e a s i l y  th a n  th e  h y d ro x y l 
g ro u p ; b u t in  a l l  th r e e  c a s e s  two d i f f e r e n t  c a rb o x y l group s t r e t c h i n g  
f r e q u e n c ie s  a re  o b serv ed  in d ic a t in g  t h a t  one i s  c o o rd in a te d  to  th e  
m e ta l w h ile  th e  o th e r  i s  n o t .  F u r th e rm o re , th e  t a r t a r i c  a c id  and m a lic  
a c id  com plexes would have  to  form  a seven-m em bered c h e la te  r in g  w hich 
d oes n o t seem to  be v e ry  l i k e l y .
c a rb o x y l g roups have l o s t  t h e i r  p r o to n s .  T h is  s t r u c t u r e  shou ld  
g iv e  two d i f f e r e n t  c a rb o n y l group s t r e t c h i n g  f r e q u e n c ie s  s in c e  one 
i s  c o o rd in a te d  and the- o th e r  i s  n o t  (b u t  i s  s im p ly  " i o n i c " ) . A lso , 
b o th  h y d ro x y l groups rem a in  r e l a t i v e l y  unchanged so  t h a t  th e r e  sh o u ld  
o n ly  be one C -O H .frequency and t h i s  i s  w hat i s  observed  in  e ach  o f th e  
th r e e  com plexes. The u n d e s ir a b le  f e a tu r e  o f  t h i s  s t r u c t u r e  i s  t h a t  
a  four-m em bered r in g  m ust form  in  c o o r d in a t io n .  However, t h i s  ty p e  o f 
s t r u c t u r e  i s  known to  form  w ith  th e  a c e t a t e  io n  in  su ch  compounds a s




Note t h a t  th e  hydroxy a c id  has a  n e g a t iv e  two c h a rg e  s in c e  b o th
on
CrCAc)^, Mn(Ac)^ and Zn(A c)^ * 2 ^ 0  .
82,T a lb o t ,  J . H . , A cta  C r y s t . , 6 , 720 (1 9 5 3 ) .
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A t h i r d  p o s s i b i l i t y  i s  c o o r d in a t io n  th ro u g h  one c a rb o n y l 
g ro u p  and th e  h y d ro x y l g ro u p  on th e  a d ja c e n t  c a rb o n  a s  i n d ic a te d  i n  








H C O H
2 -
C O O H
T h is  s t r u c t u r e  sh o u ld  g iv e  r i s e  to  tw o d i f f e r e n t  c a rb o n y l f r e q u e n c ie s  
and l ik e w is e  a  five-m em bered  r in g  form s upon c o o r d in a t io n ,  a  much 
m ore l i k e l y  s i t u a t i o n .  H ow ever, some changes sh o u ld  be e v id e n t  i n  
th e  OH in - p la n e  ben d in g  mode ( t h i s  o c c u rs  a t  1450 cm ^ i n  b o th  
t a r t a r i c  a c id  and i n  th e  t a r t r a t e  com plex) and a l s o  in  th e  C-OH 
se c o n d a ry  a lc o h o l  b en d in g  mode w hich  o c c u rs  a t  1097 cm ^ i n  t a r t a r i c  
a c id  and a t  e x a c t l y  th e  same p la c e  i n  th e  t a r t r a t e  com plex.
T h e r e f o r e ,  to  be  c o n s i s t e n t  w i th  th e  i n f r a r e d  d a ta  th e  second 
s t r u c t u r e  p ro p o se d  above i s  more d e s i r a b l e  even  th o u g h  a  four-m em bered  
r i n g  i s  form ed upon c o o r d in a t io n .
2 . V is ib le -U V  S p e c tra
1
As m en tioned  p r e v io u s ly ,  i n  a  d sy stem  fo u r  d -d  t r a n s i t i o n s  
a r e  p o s s ib le  w i th  two o f  them  u s u a l l y  b e in g  d e g e n e ra te  p a r t i c u l a r l y  i n  
sym m etry. In  th e  h y d ro x y  a c id  com plexes th e  sym m etry sh o u ld  be 
c o n s id e r a b ly , lo w e r  th a n  so th e  d e g e n e ra c y  o f  th e  d^^ and d^2
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o r b i t a l s  i s  rpm oved. The f i r s t  low i n t e n s i t y  band w hich  i s  o b se rv ed
i n  th e  s p e c t r a  f a l l s  in  th e  ra n g e  1 0 .5 -1 2 .5 k K  and i t  i s  s p l i t  i n t o  two
o r  th r e e  com ponen ts. T h is  i s  v e ry  s i m i l a r  to  w hat i s  found f o r  th e
c h lo ro  com plexes and th e  s p l i t t i n g  o b se rv ed  f a l l s  in  th e  ra n g e
750-950  cm T h e r e f o r e ,  i t  seems l i k e l y  t h a t  t h i s  s p l i t t i n g  i s  a l s o
v i b r a t i o n a l  i n  o r i g i n ,  and  to  be a t t r i b u t e d  t o  th e  v ib r o n i c  c o u p lin g
in v o lv in g  th e  s t r o n g  a x i a l  C r-0  bond .
The second  low i n t e n s i t y  band w hich  i s  o b se rv ed  a s  a
-1s h o u ld e r  ( p o s s i b ly  two s h o u ld e r s  s e p a ra te d  by  800-1000 cm ) i s
lo c a t e d  i n  th e  ra n g e  1 4 - 1 5 .5kK. The p o s s i b i l i t y  e x i s t s  t h a t  th e  two
s h o u ld e r s  o b se rv ed  cou ld  be due to  v i b r a t i o n a l  s p l i t t i n g  i n  a  d -d
e l e c t r o n i c  b a n d . U n f o r tu n a te ly ,  s o l u t i o n  s p e c t r a  o f  th e s e  com plexes
c o u ld  n o t  be o b ta in e d  b e c a u se  o f  i n s o l u b i l i t y  and d e c o m p o s itio n
p ro b le m s . T hus, th e y  a r e  in s o lu b le  i n  i n e r t  s o lv e n t s  su ch  a s  CCl^ and
b e n z e n e , and a l th o u g h  th e y  do d i s s o lv e  in  DMF and DMSO, d e c o m p o s itio n
t a k e s  p la c e  i n  th e s e  s o lv e n t s  a s  w as e v id e n t  from  th e  v i s i b l e - u l t r a v i o l e t*
s p e c t r a .
B ecause  o f  th e  f r e q u e n c y , i n t e n s i t y ,  b ro a d n e s s ,  and 
v i b r a t i o n a l  s p l i t t i n g  t h a t  i s  o b se rv ed  f o r  th e  f i r s t  two b a n d s , a r e a s o n ­
a b le  s u g g e s t io n  i s  t h a t  th e s e  bands c o rre sp o n d  to  th e  dxg *- d
and d^z «- d t r a n s i t i o n s .  S u p p o rt f o r  t h i s  a ss ig n m e n t may be
83deduced  from  a  p a p e r  p u b l is h e d  by P ence  and S e lb in  . I n  t h i s  p a p e r 
th e  e l e c t r o n i c  s p e c t r a l  d a ta  i s  r e p o r te d  f o r  a  s e r i e s  o f  low sym m etry
83P en ce , H .E ., and S e lb in , J . , In o rg . Chem.. J3, 353 (1 9 6 9 ) .
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oxomolybdenum(V) com plexes o f  f3 -d ik eto n es  w ith  th e  g e n e ra l  fo rm u la , 
E t^N M oO C lgO -diketonate). T h is  d a ta  a lo n g  w ith  th e  co rre sp o n d in g  
band a ss ig n m e n ts  a r e  g iv en  i n  T ab le  XV. As th e y  in d ic a te d  i n  t h e i r
TABLE XV
VISIBLE-UV SPECTRAL DATA FOR THE M oOCl^"
ANIONS IN ACETONXTRXLE
L = DBM L = BIFA L = TTFA L = HFA A ssignm ents
1 2 .9
1 3 .6 (3 0 ) 1 3 .8 (3 2 ) 1 3 ,7 (3 5 0 ) 1 4 .2 (3 0 ) d ,d  - d  xz*  yz xy
1 8 .4 (5 ) 1 9 .2 (3 0 0 ) 1 8 .9 (3 0 0 ) 1 8 .9 (8 0 ) d n n 4—dx*~y* xy
1 9 .7 (5 0 ) 2 0 .5 (2 0 0 ) 2 0 .1 (4 0 0 ) 2 0 .3 (8 0 )
2 2 .2 (4 2 0 ) [ 2 4 .1 ] [ 2 3 .8 ] [ 2 3 .7 ]
2 3 .7 (4 1 0 ) 2 5 .1 (4000)
[ 2 6 .1 ]
2 4 .9 (2 0 ,0 0 0 ) 2 5 .4 (2 6 0 0 ) d ♦- TT xy
A ll  f r e q u e n c ie s  a re  in  kK u n i t s
bE x t in c t io n  c o e f f i c i e n t s  a re  i n  p a r e n th e s e s ;  s h o u ld e r  bands a re  e n c lo se d  
i n  b r a c k e ts .
p a p e r ,  th e  symmetry o f th e  com plexes 1 b so low t h a t  th e  d egeneracy
o f  th e  d l e v e l s  i s  ex p ec ted  to  be c o m p le te ly  rem oved. The f i r s t
band w hich h as  a  sh o u ld e r  when ob serv ed  i n  a  N u jo l m u ll a t  77°A
i s  a s s ig n e d  th e  (d  .d  ) «- d t r a n s i t i o n .  The o b se rv ed  sh o u ld e rx z ’ yz xy
was th o u g h t t o  be due to  v i b r a t i o n a l  s p l i t t i n g .  However, i n  th e  
r e g io n  18-21kK u n i t s  th e r e  a r e  two bands w hich  w ere a s s ig n e d  to  th e
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d o  o «- d t r a n s i t i o n *  The f i r s t  o f  th e s e  two bands a p p e a rs  a s  x — y xy
48a  s h o u ld e r  i n  a l l  c a s e s  e x c e p t  one w i th  th e  s p l i t t i n g  b e tw een  th e
two bands r a n g in g  from  1 .2 -1 .6 k K . O r d in a r i ly  th e  o n ly  ty p e  o f
v i b r a t i o n a l  s p l i t t i n g  o b se rv e d  i s  th o u g h t to  be t h a t  due to  th e
s t r o n g  M-0 s t r e t c h i n g  f r e q u e n c y . T h is  s p l i t t i n g  d o es  n o t a p p e a r
t o  be v i b r a t i o n a l  s p l i t t i n g  due to  th e  Mo-0 b e c a u se  th e
s e p a r a t io n  i s  much l a r g e r ,  th a n  w hat i s  u s u a l ly  o b se rv ed
f o r  t h i s  ty p e  o f  s p l i t t i n g  and l ik e w is e  th e  p o l a r i z a t i o n  o f  th e
o r b i t a l s  in v o lv e d  i s  n o t a lo n g  th e  Mo-0 bond a x i s .  T h e re fo re  t h i s
o b se rv ed  s p l i t t i n g  d o es  n o t seem to  have a  v i b r a t i o n a l  o r i g i n .  The
f i r s t  s h o u ld e r  t h a t  o c c u rs  from  1 8 .4 -1 9 .2 k K  m ig h t p o s s ib ly  be th e
d *- d e l e c t r o n i c  t r a n s i t i o n .  T hese compounds a r e  c e r t a i n l y  low yz xy
enough in  sym m etry so  t h a t  th e  d e g e n e ra c y  o f th e  d and d o r b i t a l s3C2 yz
i s  rem oved. As one can  s e e  from  T ab le  XV th e r e  w ould th e n  be a  
d i f f e r e n c e  o f  a p p ro x im a te ly  5kK i n  th e  e n e r g ie s  o f  th e  d ^  and  d^z 
o r b i t a l s .  A t f i r s t  g la n c e  t h i s  seems r a t h e r  l a r g e  b u t th e  band from  
18*4-19 .2kK  o c c u r s  a s  a  s h o u ld e r  and i t  i s  d i f f i c u l t  to  t e l l  e x a c t ly  
w here th e  maximum l i e s *  The f a c t  i s  t h a t  i t  may a c t u a l l y  l i e  c l o s e r  
t o  th e  band o b se rv e d  a t  14kK th a n  the* a s s ig n e d  v a lu e  i n d i c a t e s  ( s e e  
r e f e r e n c e  8 4 ) .  L ik e w ise  one w ould e x p e c t  th e
s e p a r a t io n  o f th e  d and d o r b i t a l s  to  be l e s s  i n  a  Cr(V) com plex * x z  yz
th a n  i n  a  Mo(V) com plex , a ssu m in g  th e  sym m etry i s  a p p ro x im a te ly  th e  
sam e. I f  th e  a s s ig n m e n ts  a r e  c o r r e c t  i n  th e  Cr(V ) hydroxy  a c id  com plexes
84,UA r n d ts ,  R .T . , P h .D . D i s s e r t a t i o n ,  L o u is ia n a  S t a t e  U n iv e r s i ty ,  
B a to n  Rouge, L o u is ia n a ,  1969 . ,
I
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th e  e n e rg y  s e p a r a t io n  o f th e  d and d o r b i t a l s  I s  a b o u t 3kK u n i t s .xz yz
T h e re fo re  one w ould e x p e c t t h i s  s e p a r a t io n  to  be g r e a t e r  th a n  3kK
u n i t s  in  th e  Mo(V) com plexes.
The t h i r d  band t h a t  o c cu rs  in  each  o f th e  com plexes i s
lo c a te d  i n  th e  ran g e  20 .20 -21 .05kK . The m ost re a s o n a b le  a ss ig n m en t
o f t h i s  band i s  to  th e  d o  9 •- d t r a n s i t i o n .  T h is  seems to  f i tx z - y z xy
i n t o  th e  a ss ig n m e n ts  f o r  th e  c h lo ro  and f lu o r o  com plexes, s in c e  t h i s  
g iv e s  th e  fo llo w in g  (s p e c tro c h e m ic a l)  s e r i e s  b ased  upon th e  lODq 
v a lu e s :
Cl <  hydroxy  a c id  <  F 
18.0kK  20.5kK  22.3kK
S in c e  t h i s  t r a n s i t i o n  i s  c r y s t a l  f i e l d  s e n s i t i v e  i t  sho u ld  o ccu r a t  a
h ig h e r  f re q u e n c y  th a n  in  th e  c o rre sp o n d in g  c h lo ro  com plex. T h is  h o ld s
2+t r u e  a l s o  f o r  th e  t a r t r a t e  and c h lo ro  com plexes o f  VO ( r e f e r e n c e s  70
8 6  3+and 85) and a l s o  f o r  th e  c h lo ro  and o x a la t e  com plexes o f  MoO ,
3+a lth o u g h  th e  o x a la te  com plex o f MoO i s  a  d im er. However th e  t a r t r a t e  
2+com plex o f  VO ( a l s o  a  d im er) has a  h ig h e r  lODq v a lu e  (16.5kK ) th a n  d o es
2+th e  f lu o r o  com plex o f  VO (1 5 .4 k K ). The lODq v a lu e  i s  a b o u t 25% l a r g e r
3+ 2+f o r  th e  t a r t r a t e  com plex o f  CrO th a n  f o r  th e  t a r t r a t e  com plex o f VO
b u t  th e  two com plexes a r e  n o t  q u i te  com parable  b ecau se  th e  chromium i s
85S e lb in ,  J . , and M orpurgo, L . ,  J .  In o rg . M ucl. Chem.. 27,
673 (1 9 6 4 ).
^ M it c h e l l ,  P .C .H ., J . In org . N u cl. Chem., 26 , 1967 (1 9 6 4 ).
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su rro u n d e d  a l s o  by th r e e  c h lo r id e s  w h ile  th e  vanadium  i s  su rro u n d e d  by
one a d d i t i o n a l  t a r t r a t e  p lu s  a  w a te r  m o le c u le . T h is  s u r e ly  would
a c c o u n t f o r  th e  r e v e r s a l  o f  th e  o r d e r  o f lODq v a lu e s  f o r  th e  f lu o r o
2+ 3+an d  t a r t r a t e  com plexes o f  VO and CrO .
The f o u r th  band th a t  o c c u rs  i n  t h e  e l e c t r o n i c  s p e c t r a  o f
e a c h  o f th e  hydroxy  a c id  com plexes i s  o b se rv ed  i n  th e  ra n g e  2 2 .8 5 -2 3 .OOkK.
A band was o b serv ed  i n  th e  c h lo ro -c o m p le x e s  i n  j u s t  a b o u t th e  same
p o s i t i o n  (22 .5kK ) and was p r e v io u s ly  a s ig n e d  to  th e  d ♦- Tt,.. t r a n s i t i o n .xy lx
T h e r e f o r e ,  i t  seems l o g i c a l  to  assum e t h a t  t h i s  band o b se rv ed  in  th e
s p e c t r a  o f  th e  hyd ro x y  a c id  com plexes i s  v e ry  l i k e l y  due to  th e  same
76t r a n s i t i o n .  The a rg u m en ts  p r e s e n te d  by H orner and T yree  would 
m i t ig a t e  a g a in s t  th e  a ss ig n m e n t o f  t h i s  band a s  a  c h a rg e  t r a n s f e r  
in v o lv in g  a  t r a n s i t i o n  from  th e  oxo group  to  th e  d ^  o r b i t a l  o f  th e  
chrom ium . L ik ew ise  i t  w ould n o t  be e x p e c te d  t h a t  a  t r a n s i t i o n  from  
th e  p i  o r b i t a l s  o f  th e  l ig a n d  to  th e  m e ta l would o c cu r a t  th e  same 
e n e rg y  a s  t h a t  f o r  th e  f i r s t  c h a rg e  t r a n s f e r  band i n  th e  c h lo ro  
co m p lex es . The fo rm er t r a n s i t i o n s  p ro b a b ly  l i e  a t  a  h ig h e r  en erg y  
th a n  th o s e  in v o lv in g  th e  c h lo ro  p i  o r b i t a l s .  In  g o in g 'f ro m  th e  c h lo ro  
t o  th e  h y d ro x y  a c id  com plex one m ig h t e x p e c t l i t t l e  d i f f e r e n c e  i n  th e  
e n e rg y  s e p a r a t i o n  o f  th e  c h lo r in e  p i  o r b i t a l s  r e l a t i v e  to  th e  d ^  
m e ta l  o r b i t a l .  S in c e  th e  hydroxy  a c id  l ig a n d  h as  a  s l i g h t l y  s t r o n g e rj_
l ig a n d  f i e l d  t h i s  m ig h t cau se  th e  d ^  o r b i t a l  to  be r a i s e d  i n  e n e rg y  
by  a sm a ll amount a l th o u g h  i t  does n o t  p o in t  d i r e c t l y  a t  t h e  l ig a n d .  
T h e r e f o r e ,  - th e  s l i g h t l y  h ig h e r  e n e rg y  in v o lv e d  i n  t h i s  t r a n s i t i o n  
in v o lv in g  th e  hydroxy  a c id  com plexes o v e r  t h a t  o f  th e  c h lo ro  com plex
w ould be e x p e c te d .
The l a s t  band o b se rv ed  in  t h i s  s e r i e s  o f  com plexes l i e s  i n
th e  ra n g e  2 9 .0 5 - 2 9 .30kK. T h is  a l s o  i s  a n a lo g o u s  to  th e  band o b serv ed
in  th e  c h lo ro  com plexes (25-30kK ) and i n  th e  f lu o r o  com plex (27 . 3 0 - 3 1 .50kK ).
However, in  b o th  th e  c h lo ro  and f lu o r o  com plexes t h i s  band i s  s p l i t  i n t o
s e v e r a l  com ponents w h ich  i s  e x p la in e d  a s  v i b r a t i o n a l  s p l i t t i n g .  T h is
band i s  a s s ig n e d  th e  d o «- d t r a n s i t i o n  b u t  th e  e*  ♦- e t r a n s i t i o n
z^ x y  TT TT
may n o t be c o m p le te ly  r u le d  o u t .  H ence, i t  seems l i k e l y  t h a t  t h i s  l a s t
band o b se rv ed  i n  th e  hydroxy  a c id  com plexes may a l s o  be th e  d ^  *- <̂Xy
t r a n s i t i o n .  One w ould e x p e c t th e  p o s i t i o n  o f  th e  d ^  band to  s h i f t
v e ry  l i t t l e  r e g a r d l e s s  o f  th e  ty p e  o f  l ig a n d  o ccu p y in g  th e  a x i a l
p o s i t i o n  s in c e  th e  s t r o n g ly  c o v a le n t  C r-0  bond i s  th e  p r im a ry  f a c t o r
i n  d e te rm in in g  th e  p o s i t i o n  o f th e  d 2 o r b i t a l  energy^ A ssum ing t h a t
th e  hyd ro x y  a c id  i s  a c t i n g  a s  a  h id e n t a t e  l ig a n d  th e r e  a r e  two d i f f e r e n t
p o s i t i o n s  a b o u t th e  chromium w hich  th e  m o lecu le  c o u ld  occu p y . B oth
oxygens from  th e  l ig a n d  c o u ld  be i n  th e  c i s  p o s i t i o n s  o f  th e  e q u a t o r i a l
p la n e  o r  one oxygen c o u ld  be i n  th e  e q u a t o r i a l  p la n e  w h i le  th e  second
co u ld  be  i n  th e  a x i a l  p o s i t i o n .  I f  th e  second  s t r u c t u r e  d e s c r ib e s
th e  p o s i t i o n  o f  th e  h y d ro x y  a c id  one m ig h t p r e d i c t  t h a t  th e  d ^  o r b i t a l
o f  th e  m e ta l i n  th e  h y d ro x y  a c id  com plex would be s l i g h t l y  h ig h e r  i n
e n e rg y  th a n  i n  th e  c h lo ro  com plex and s l i g h t l y  low er i n  e n e rg y  th a n
in  th e  f l u o r o  com plex so t h a t  th e  e n e rg y  o f  th e  t r a n s i t i o n  l i e s  i n
th e  same o r d e r  a s  th e  lODq v a lu e s .  I f  F ig u r e s  8 , 9 , and 10 a r e
ex am ined , t h i s  i s  th e  way th e  p o s i t i o n  o f  t h i s  band l i e s  i n  th e  c h lo r o ,
hydroxy  a c i d ,  and f lu o r o  com plexes o f  CrO^+ . V ib r a t i o n a l  s p l i t t i n g
*
d o es n o t  o c c u r  i n  th e  hyd roxy  a c id  co m p lex es . However, t h e r e  d oes
n o t seem to  be any  known e x p la n a t io n  why v i b r a t i o n a l  s p l i t t i n g  i s  
o b se rv ed  in  c e r t a i n  compounds and n o t  i n  o th e r s  o f  seem in g ly  an a lo g o u s  
s t r u c t u r e  and b o n d in g .
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SUGGESTIONS FOR FUTURE WORK
T here  a r e  a  number o f  a r e a s  in  t h i s  s tu d y  t h a t  m ig h t s e rv e  
a s  a  b a s i s  f o r  f u r t h e r  w ork . One o f  th e  f i r s t  p rob lem s i s  c e r t a i n l y  
th e  p r e p a r a t io n  o f o th e r  Cr(V) com plexes. A number o f  av en u e s  have 
b e en  in v e s t ig a te d  in  t h i s  s tu d y  b u t th e r e  a r e  p ro b a b ly  num erous 
o th e r  p o s s i b i l i t i e s  f o r  t r y i n g  to  p re p a re  a  g r e a t e r  v a r i e t y  o f  Cr(V) 
co m p lex es . P o s s ib ly  i t  may be j u s t  a  m a t te r  o f  g e t t i n g  t o g e th e r  th e  
c o r r e c t  s o lv e n t ,  s t a r t i n g  m a t e r i a l ,  c o n c e n t r a t io n  and te m p e ra tu re  t o  
p ro v id e  a  m ethod o f  p r e p a r a t io n .  W ith  a  g r e a t e r  v a r i e t y  o f  co m p lex es , 
e l e c t r o n i c  band a ss ig n m e n ts  co u ld  be made w i th  a  much g r e a t e r  c e r t a i n t y
and  a more d i r e c t  com parison  c o u ld  be made w i th  s im i la r  com plexes o f
2+  3+
VO and MoO .
A n o th e r a r e a  t h a t  needs f u r t h e r  i n v e s t i g a t i o n  i s  th e  f lu o r o  
c om plex o f  C r(V )• O th e r th a n  w hat was done I n  t h i s  s tu d y  no e l e c t r o n i c  
o r  i n f r a r e d  s p e c t r a l  i n v e s t i g a t i o n s  have b een  done a l th o u g h  KCrOF^ and 
AgCrOF^ have b een  p r e v io u s ly  p re p a re d  and i s o l a t e d .  S p e c t r a l  s t u d i e s  
o f  t h i s  s p e c ie s  c o u ld  f u r t h e r  s u b s t a n t i a t e  th e  a f f e c t  on th e  f i r s t  
d -d  t r a n s i t i o n  o f  an  u n o ccu p ied  a x i a l  p o s i t i o n .  A lso , th e  f l u o r o  
com plex may s e rv e  a s  a  s t a r t i n g  m a te r i a l  f o r  th e  p r e p a r a t i o n  o f  
s t i l l  o th e r  C r(V ) co m plexes.
T here  a r e  p ro b a b ly  o th e r  hydroxy  a c id s  and in d e e d  o th e r  
ty p e s  o f  l ig a n d s  s i m i l a r  to  hydroxy  a c id s  t h a t  may work e q u a l l y  a s  
w e l l  a s  th e  ones t h a t  w ere  s u c c e s s f u l ly  u sed  f o r  p r e p a r a t io n  h e re  o f  
new Cr(V) co m p lex es . L ik ew ise  w i th  a  more c a r e f u l l y  p la n n e d  m ethod 
i t  m ig h t be  p o s s ib le  to  r e s o l v e ,  more d e f i n i t e l y ,  th e  o x id a t io n  s t a t e
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o f  th e  chromium by a  w et ch em ica l method in  th e  hydroxy a c id  com plexes.
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